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THE CHEMICAL COMPOSITION OF THE HEARTWOOD EXTRACTIVES 
OF LARIX LYALLII PARL.! 


G. V. NAIR? AND E. VON RUDLOFF 


ABSTRACT 


The heartwood of Canadian Alpine larch was found to contain 4.8% acetone-soluble 
material. From this extract taxifolin and aromadendrin were isolated in 26% and 17% yield, 
as well as conidendrin in a small amount. About one-quarter of the extract was composed o 
esters of phthalic, ferulic, and fatty acids. After saponification 8-sitosterol, nonan-2-ol, phthalic 
acid, and a mixture of fatty acids were isolated. Gas—liquid chromatography indicated the 
presence of palmitic, an unidentified Cie, stearic, oleic, linoleic, linolenic, an unidentified Co 
acid, and two unidentified alcohols. 


Recently we have reported on the chemical composition of the heartwood extractives 
of Larix laricina (Du Roi) K. Koch (tamarack) (1). This paper deals with the results 
obtained with a similar extract of another Canadian larch species, L. lyallit Parl. (alpine 
larch). This medium-sized tree is found in the high mountains of Western Canada, usually 
at an altitude of 5000 to 6000 feet. Botanical sources do not mention any particular 
resistance to decay of this wood, nor has it found any extensive commercial use. Acetone 
extraction of the heartwood of a mature tree from the Minnewanka district, Banff National 
Park, Alberta, gave a yield of about 4.8% soluble extractives. The fractionation scheme 
and yields of the various compounds isolated are shown in Fig. 1. 

The two flavanonols (nomenclature (2)), taxifolin and aromadendrin, were isolated in 
1.25% and 0.82% yield respectively (based on the dry weight of the wood). Thus, L. lyallii 
is an excellent source for these two compounds, especially so for the less common aroma- 
dendrin. Both flavanonols have previously been found in L. decidua, L. leptolepis, and 
L. occidentalis (3, 4, 5a, 5b), and Gripenberg (3) has shown that the distylin of L. kaempferi 
(5, 6) is a mixture of these two compounds. The isolation of these two flavanonols in 
the Canadian larch species L. lyallit and L. laricina (1) provides additional support to 
Erdtman’s hypothesis (7) that closely related species of conifers have certain charac- 
teristic heartwood constituents in common, irrespective of geography, which are there- 
fore of value in taxonomic classifications. 

A small amount of conidendrin (0.03%) was also isolated. This lignan is widespread 
amongst conifers and other plants (2, 7) but has not previously been found in the wood of 
larches. The lignan lariciresinol has been isolated from the resin produced by L. decidua 
(7, 8). 

About one-fourth of the extract of L. /yallii was found to consist of 8-sitosterol, nonan- 
2-ol, and unidentified alcohols esterified with phthalic, ferulic, and a complex mixture of 

1Manuscript received October 5, 1959. 

Contribution from the National Research Council of Canada, Prairie Regional Laboratory, Saskatoon, 
Saskatchewan. 
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Fic. 1. Fractionation scheme and yields of components (based on the dry weight of acetone extract). 


fatty acids. A mixture of esters composed of ferulic acid, nonan-2-ol, and an unknown 
alcohol of similar molecular weight was isolated from the petrol-insoluble portion (see 
Fig. 1). It hydrolyzed with difficulty, causing considerable degradation of the ferulic 
acid moiety, and its infrared absorption spectrum was similar to that of the eicosanyl 
ferulate isolated from the heartwood of L. /aricina (1). The non-saponifiable portion was 
composed of a mixture of alcohols which failed to crystallize and which could not be 
resolved by distillation. Gas—liquid partition chromatography (GLPC) showed two peaks 
of about equal intensity corresponding to nonan-2-ol and an unidentified alcohol in the 
Cy-to-Cio region. Higher alcohols appeared to be absent. 

The petrol-soluble esters were saponified and, from the resulting mixture of acids, 
phthalic acid was isolated by crystallization. The presence of phthalic acid in L. /yallii 
and L. laricina is noteworthy, since this aromatic acid is found only rarely in nature (1, 
9, 10). The residual acid mixture was resolved by GLPC and peaks corresponding to 
palmitic, oleic, linoleic, phthalic, linolenic, and unidentified Cig and C2 acids were 
obtained. From the non-saponifiable portion, nonan-2-ol was obtained by steam distilla- 
tion and 8-sitosterol by chromatography on neutral alumina and crystallization. GLPC 
of the total non-saponifiable portion gave a major peak corresponding to nonan-2-ol 
and two minor peaks in the C5-to-Cip and Cig region. 

The extract contained no resin acids nor neutral terpenoid compounds, and differed 
from that of L../aricina in that free sugars and eicosanol were absent. 


EXPERIMENTAL 


Melting points were obtained with a Leitz hot stage microscope. All known compounds 
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were identified by mixed melting point and by comparing infrared spectra with those of 
authentic samples. Infrared spectra were recorded on a Perkin-Elmer model 21 double 
beam recording spectrophotometer, using the KBr disk method or the film technique. 
Gas-liquid partition chromatograms were obtained with a Beckman GC 2 chromatograph 
on }-inch columns of either washed silicone (11) or polyester (12) on C-22 firebrick, unless 
otherwise indicated. 


Extraction of the Wood 

The air-dried, milled wood (3.9 kg) (moisture content about 4.5%) was extracted with 
acetone in a Soxhlet extractor for 36 hours. The acetone extract was reduced to dryness 
in a rotary evaporator at about 50° C giving dark brown viscous material. The crude 
concentrated extract was dried in vacuo for several hours and then re-extracted with dry 
acetone and filtered. The filtrate was concentrated and dried as above to yield 178 g of 
acetone-soluble material (4.8% yield, based on the dry weight of the wood). 

Preliminary color tests on the crude extract for flavanonols were positive, but precipita- 
tion tests with digitonin for sterols and cyclohexylamine for resin acids were negative. 
Paper chromatography (with impregnated paper (13), using petrol (b.p. 40—60° C) as 
the mobile phase and diazotized benzidine spray) provided no evidence for tropolones. 
Gripenberg’s (3) chromatographic technique on paper using chloroform: ethanol: water 
(8:2:1, v/v) with addition of 2% acetic acid (1) showed spots corresponding to taxifolin 
and aromadendrin. A portion of the extract, after saponification, showed the presence of 
sterols, volatile constituents, and fatty acids, but no resin acids. 


Separation of the Constituents 

The crude extract (10.55 g) was triturated with hot benzene and filtered. The benzene- 
soluble matter (2.18 g) was further separated into petrol-soluble (b.p. 40—60° C) (1.65 g) 
and -insoluble (0.53 g) portions. The benzene-insoluble matter (8.6 g) was extracted with 
ether to yield 4.9 g of a phenolic mixture. The residue was ethanol-soluble and failed to 
yield crystalline nvaterial. 


Isolation and Identification of Taxifolin and Aromadendrin 

The ethereal extract of the benzene-insoluble portion was soluble in alkali but insoluble 
in bicarbonate. A paper chromatogram, using chloroform:ethanol: water (8:2:1 v/v) 
containing 2% acetic acid to prevent tailing (1), showed spots corresponding to aroma- 
dendrin (R; 0.8) and taxifolin (R; 0.6) when sprayed with bis-diazotized benzidine (14). 
The mixture (2.27 g) was resolved on a cellulose powder column (56 X4.5 cm) using the 
same solvent mixture as eluent. Fractions of 20 ml were collected and tested individually 
by paper chromatography. Tubes 1—20 contained aromadendrin (0.44 g), m.p. 236-237° C 
(from chloroform), [a]?°* +44.5 (c, 0.21; acetone—water) and tubes 41-153 gave taxifolin 
(0.89 g), m.p. 238-240° C (from water), [a]?* +45.21 (c, 0.11; water—acetone). Tubes 
30-41 (0.845 g) contained about equal quantities of aromadendrin and taxifolin, bringing 
the over-all yield to about 17% and 26% respectively. 


Isolation and Identification of Conidendrin and Ferulic x ..< s 

The benzene-soluble portion (2.18 g) was evaporated to dryness and triturated with 
cold petrol (b.p. 40-60° C). The powdery, insoluble residue was filtered off, washed 
thoroughly with cold petrol, and dried. The crude product was crystallized from ethanol 
to give conidendrin (0.073 g), m.p. 238-239°C (lit. 255-256° C and 238°C (15)); 
[a]?°-* —59.43 (c, 1.1, acetone). It gave a green coloration with aqueous ferric chloride. 
Found: C, 67.08%; H, 5.95%. Calculated for CooH290¢: C, 67.40; H, 5.66%. The mother 
liquor was chromatographed on a column of neutral alumina (M. Woelm, Eschwege, 
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activity grade I). Elution with ether produced a small amount of a mixture of fatty acid 
esters (infrared spectrum). When elution was continued with mixtures of petrol—ethanol 
(1:1 v/v) and benzene-ethanol (1:1 v/v) a liquid fraction was obtained, which had a well- 
defined infrared absorption spectrum which was similar to those of ferulic acid esters. The 
intensity of the C—H absorption in the 3000 to 2800 cm™ region was relatively weaker 
than that for eicosanyl ferulate, but considerably stronger than that for methyl ferulate, 
indicating that the aliphatic chain of the alcohol moiety was of intermediate length. The 
material was hydrolyzed under reflux in a 2 N solution of potassium hydroxide in ethyl- 
ene glycol monomethyl ether. Ferulic acid was identified in the saponifiable portion by 
paper chromatography. Attempts to crystallize the acid failed due to the presence of a 
considerable amount of degradation products. The non-saponifiable portion failed to 
yield a pure compound on distillation and crystallization attempts. GLPC on a poly- 
ethylene glycol column at 160° C gave two peaks of about equal area with retention 
times corresponding to nonan-2-ol and a Cog-to-Cio alcohol. Washing the column of 
neutral alumina with alcohol produced a small amount of conidendrin. 


Petrol Extract 

The petrol-soluble portion (1.65 g) was saponified under reflux with potassium hy- 
droxide (3.4 g) in ethyleneglycol monomethyl ether (30 ml) for 3 hours. The reaction 
mixture was reduced in volume and worked up in the usual manner to give the non- 
saponifiable (0.64 g) and saponifiable (1.005 g) portions. 

The non-saponifiable portion was steam-distilled and the distillate (1 liter) was saturated 
with sodium chloride and extracted thrice with ether. The ether extract was dried over 
Drierite and the solvent was distilled off to yield 0.25 g (2.3%) of a sweet-smelling, 
colorless liquid alcohol, b.p. 81-83° C at 15 mm, n?° 1.4390. The retention time of this 
alcohol on gas chromatograms was identical with that of nonan-2-ol. The non-volatile 
residue was extracted with ether and the ethereal solution evaporated after drying to give 
0.4 g of a semisolid residue. This was chromatographed on a column of neutral alumina 
and eluted first with a 1:1 mixture of petrol (b.p. 40-60° C) and ether to yield a trace of 
unsaponified esters of fatty acid. Elution with a 1:1 mixture of ethanol-ether gave 
0.39 g (3.6%) of a steroid material (positive Liebermann—Buchard reaction). Crystalliza- 
tion from alcohol gave 8-sitosterol, having m.p. 136—137°. 


Acid Mixture 

The thoroughly dried acidic residue obtained after saponification of the esters was 
triturated with warm petrol (b.p. 40—-60° C) and filtered. The petrol-insoluble portion 
(0.2 g, 1.9%) was crystallized from acetone, and gave phthalic acid, m.p. 201—202° C. 
The petrol-soluble portion (0.8 g, 7.6%) was re-esterified with diazomethane, and the 
methyl esters were analyzed by GLPC using the polyester column. Peaks corresponding 
to the following acids (in order of their retention times) were obtained: palmitic (5.9%); 
an unidentified Cy, (5.7%); stearic (1.5%); oleic (18.2%); linoleic (34.7%); phthalic 
(22.1%); linolenic (3.4%); and an unidentified Coo acid (5.5%). The percentage composi- 
tion was obtained by determining the area under the curve of each peak by the triangula- 
tion method. 
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THE ACTIVATION ENERGY FOR THE RECOMBINATION OF 
TRIFLUOROMETHYL RADICALS! 


G. O. PRITCHARD? AND J. R. DAcEy 


ABSTRACT 
By photolyzing mixtures of acetone and hexafluoroacetone, and measuring the rates of 
formation of the three ethanes, we have found E,— 4E.,—3E; = —1070+100 cal, which 


means that the activation energy for the recombination of CF3 radicals is 2140+200 cal, 
assuming zero activation energies for the other two radical recombinations, and that none of 
the ethanes is formed except by radical recombination. 


INTRODUCTION 


Although Ayscough (1) has shown that CF; radicals recombine on nearly every collision 
with a rate almost identical with that found for CH; radicals, he was unable to determine 
whether the recombination was temperature dependent or not. This problem is of theo- 
retical interest since it has been suggested that due to the marked polarity of the C—F 
bond a potential barrier to CF; radical combination could exist, with a consequent small 
positive activation energy for the reaction (2). There is no such restriction for the re- 
combination of simple alkyl radicals, and they are assumed to recombine with zero 
activation energy. 

We have photolyzed mixtures of acetone and hexafluoroacetone over a temperature 
range from 29° to 169° C to see if we could detect any variation in the relative rates of 
formation of the three ethanes with temperature. Writing these rates as Rcu;cr;, Reon; 
and Reo,-, for the reactions 





ky 
CH; + CF; ———> CH;CF; [1] 
CH, + CH; ——> GH, [2] 
and 
k; 
CF; + CF; ——> C-F,, [3] 


and assuming the activation energies for reactions [1] and [2] to be zero, i.e. Ey = E, = 0, 
any variation in the ratio Rcg;cu; ; , = k,/k2k;? (for steady-state conditions) 
will be caused by E; ¥ 0, provided the above reactions are the only source of the ethanes 
in the system. (If EH; = HE. = E;, and the steric factors for the three reactions are identical, 
the ratio reduces to 2.30, assuming ocq, = 3.5 A and ocr; = 4.0 A.) 


EXPERIMENTAL 


Hexafluoroacetone was obtained from the Merck Chemical Company as the hydrate. It 
was dehydrated with P.O; and purified by low temperature fractionation. The acetone 
used was A.R. grade; it also was thoroughly dried and outgassed. 

Mixtures of the ketones were photolyzed in the more or less standard high vacuum 
apparatus for experiments of this type. The light source was a B.T.H. high pressure lamp 
(ME/D, 250 watts), operated at constant intensity over the time of a run. The light 
beam was collimated by a single quartz lens and a stop. No filtering system, which would 


1 Manuscript received August 31, 1959. 
Contribution from the Royal Military College of Canada, Department of Chemistry, Kingston, Ontario. 


2Present address: Department of Chemistry, University of California at Santa Barbara, Goleta, California. 
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have reduced the light intensity considerably, was employed to isolate the 3130 A radia- 
tion. With this arrangement it was found that convenient quantities of the ethanes were 
produced. The 175-cc cylindrical quartz reaction vessel was mounted in a furnace the 
temperature of which was held within +1.5° C of the desired temperature. 

Analysis of the reaction products was by low temperature fractionation, using a solid 
nitrogen trap and two Ward-—LeRoy stills, a small Hg diffusion pump, and a combined 
Toepler pump and gas buret. CO and CH, were pumped off at —210° C. The C;H,g, 
C.F., and CF3H were collected with the stills carefully regulated at —161° and —156° C 
respectively whilst the system was pumped in intermittent bursts of about 5 seconds in 
duration until a constant pressure of 10-?mm Hg was obtained. After measurement, 
this mixture was analyzed mass spectrographically. (Reference gases were obtained 
commercially and purified if necessary.) The amount of CF;CH; carried over using this 
technique was found to be less than 2% of the sample, although CO, was found to be 
present as well. The remainder of the reaction mixture was condensed in a tube containing 
carefully outgassed distilled water. The contents were allowed to warm up to room 
temperature, and shaken vigorously. The CF;CH; was then distilled off at —130° C. 
This procedure removed all the CF;COCF;, which would otherwise contaminate the 
CF;CH; samples. Trial experiments proved this method to be quantitative. Pure CF;CH; 
was prepared by the reaction of SbF; on CH3;CCl; in a sealed bomb (3); this also served 
as a mass spectrometer standard. Mass spectrographic analysis of the CF;CH; samples 
showed that they were essentially pure, but they also contained some COs. 


RESULTS 
The relevant data is collected in Table I. The quantities of CO, are the total amounts 
found; this was usually evenly divided between the two samples. They represent a 1% 


TABLE I 
Pressure reactants cmgg and moles of product 10 








ke 
ki 


; 
' k 
CH;COCH; CF;COCF; C:F, (C:H. CF;H CF;CH; CO, . k:tk;? (mole/cc) 





Time Temp 
Run (min) (°C) 





1 120 29 9.30 5.05 4.76 3.09 1.56 13.1 1.79 3.46 0.127 
2 60 30 6.90 6.80 5.22 2.34 0.864 8.92 1.50 2.55 0.129 
3 60 30 13.10 8.90 3.48 1.27 1.41 6.80 2.84 3.23 0.135 
4 60 30 7.85 6.25 4.87 2.35 1.81 9.60 1.96 2.84 0.245 
5 70 89 10.95 6.20 40.1 4.18 22.2 29.2 5.35 2.26 0.845 
6 60 89 13.30 4.70 30.2 5.83 18.6 29.2 3.55 2.20 0.715 
7 70 96 8.05 8.15 73.2 2.87 20.0 31.2 1.27 2.16 0.765 
8 7 129 10.10 5.45 61.3 17.8 63.9 71.0 3.41 2.15 2.34 

9 15 169 10.15 5.45 49.9 2.29 56.3 18.9 0.66 1.77 5.43 





CO, impurity in the hexafluoroacetone (detected in the mass spectrometer), but repeated 
treatment of the ketones with slaked lime failed to eliminate CO, altogether. The other 
volatile products, CO and CHy, are not included in the table. 

Assuming steady-state conditions, Ror,cx,/R'on, Rior, = k1/k2k:. An Arrhenius 
plot of the data is given in Fig. 1. A least squares treatment results in (E,—4E.,—4E3) = 
—(1070+100) cal with the pre-exponential ratio A,/A,'A;? = 0.52+0.06. Assuming 
E, = E; = 0, we have E; = 2140+200 cal. On the same graph are some identical 
measurements obtained by Sieger and Calvert (4) from the photolysis of CH;COCFs. 
They, however, consider these results to be unreliable, mainly due to the extremely small 
amounts of C.F, which were obtained in the experiments. : 
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Fic. 1. Arrhenius plot of ki/koths? versus 1/T. (1) Average of two experiments. (2) Average of four 
experiments. @ Data of Sieger and Calvert from photolysis of CF;COCHs3. 


Fic. 2. Arrhenius plot of ka/ks? versus 1/T. (1) Average of two experiments. (2) Average of six experi- 
ments. Shaded data not reported in Table I. 


If all the CF3H collected in our system is formed in the reaction 
CF; + CH;COCH; — CF;H + CH.COCH; [4] 


we have k,/k;? = — [acetone]. Using the original acetone concentration in 
this expression, a least squares treatment of the Arrhenius plot of the function (Fig. 2) 
gives ky/k3? = 1.24X104 exp[—(6.940.1) X10*/RT] (mole/cc)—} sec—?. This agrees well 
with a previous value of E,—3E; of 8.0 kcal/mole (2), as it is possible from the manner 
in which it was computed that this latter figure is high by 1.5 kcal. 

The shaded points in Fig. 2 represent six experiments not recorded in Table I because 
of the comparatively small amounts of C,H¢s formed in these runs, which rendered the 
data unreliable. This was due to the fact that insufficient acetone was used, especially so 
at the higher temperatures, as the rate of photolysis of hexafluoroacetone is markedly 
temperature dependent up to 200° C (5). The point marked ‘‘2”’ represents the average 
of six experiments, half of which are recorded in Table I. The values of ki/ks? (excepting 
run 4, which is shown separately) obtained for all the six experiments were so close as to 
make them indistinguishable on the scale of the graph. 
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One remarkable feature of these experiments was that at room temperature the pressure 
dropped during the reaction and the total ethanes plus small quantity of methanes was 
only equal to about one-half the CO formed. Above 100° C the balance of radical products 
to CO was normal. No dark reaction occurs between the two ketones at 30° C, but when 
equal quantities (about 5 cm each) were illuminated for a period of hours the final pressure 
was approximately half the original pressure. The addition of CH; radicals to the carbonyl 
double bond in hexafluoroacetone has been discussed previously (6). The species 
[CF;CH;COCF;] could be stabilized at low temperatures by the addition of, rather than 
by the expulsion of, a radical, resulting in a loss in radical products. The participation 
of the CH;CO radical, which is relatively stable up to a 100° C, cannot be precluded, but 
this would tend to give excess radical products. We are investigating this further. 

Due to this effect it is difficult to estimate the exact percentage decomposition of the 
individual ketones in the experiments at room temperature, but about 5% of each was 
consumed. Material balance showed that about 5% or less acetone was decomposed in 
all the runs, but the decomposition of hexafluoroacetone increased to 10% at 100° C, 
and to 20% at 170° C. This latter figure is high for the application of steady-state con- 
ditions, so that the high temperature runs are probably less accurate. 

The radical disproportionation reactions 


CH; + CH; ~ CH, + CH2 [5] 


and — 


have not been considered. Evidence for [5] is scant (7), but the occurrence of [6] cannot be 
ruled out. In some of the CF;CH; analyses peaks at mass numbers 29 and 81 were obtained 
for which there appears to be no suitable explanation. Mass number 29 could possibly be 
from propane, but the residual at 43 was not really large enough to recommend propane 
as a constituent. It is worth speculating that propane could arise from the reaction of 
methylene with ethane if reaction [6] occurred. 


DISCUSSION 


If Ayscough’s value (1) for k3 at 400° K of 2.34X10'* (mole/cc)“ sec is compared 
with the value calculated from collision theory of 1.5X10'* (mole/cc) sec~! at 400° K, 
assuming E; = 0, the steric factor for reaction [3] is 0.16. If the steric factor is taken as 
unity E; becomes 1500 cal. 

At the pressures used in our system there is no likelihood of third body restrictions 
affecting the radical recombination reactions and therefore no possibility of them exhibit- 
ing negative temperature coefficients (8, 9). If E, > 0, from the relationship E,—}E.—3E; 
= —1070 cal we have E,+£; > 2140 cal. If E, = 0, and E, = 700 cal (the upper limit 
of Gomer and Kistiakowsky (10)), Z; = 1440 cal. It is evident that many other combina- 
tions are possible; obviously all three activation energies cannot be identical, nor can they 
all be zero. If E; and E, are zero, or very nearly so, E; is of the order of 2 kcal. However, it 
is improbable that either EZ, or EZ, (and for that rnatter E3) can be zero due to the slight 
temperature dependence of the collision number for a given reaction and the consequent 
small activation energy associated with it, which amounts to some 350 cal over the 
temperature range of our experiments. A value of E;, E2, or E3 less than this could only 
occur if there was some third body restriction. 

Shepp and Kutschke (11) have found an activation energy of 2.0+1 kcal for ethyl 
radical recombination which they consider to be real, as they rate the possibility that 
there will be mutual repulsion of the C—H bond orbitals during C—C bond formation 
involving an energy barrier of the order of that due to hindered rotation, about 2 to 3 
kcal. They suggest that CH; radical recombination is more favorable sterically, and that 
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the known temperature independence of the reaction (12) puts an upper limit of about 
1 kcal on the activation energy, which could be due to the fact that the CH; radical is 
planar (13). The adjustment of two CH; radicals to the near tetrahedral arrangement in 
C.H, could result in E, > 0. This is also true for E3, if CFs is planar. 

It is apparent in reactions where there is no significant potential energy barrier that 
the temperature dependence is due to several small factors of similar magnitude, which 
will tend to cancel each other if they are of differing sign. Thus the concept of ‘‘activation 
energy” is becoming more indeterminate in these cases. The most general conclusion that 
can be drawn is that all the three radical recombination reactions discussed here have a 
small positive temperature dependence, the greatest being attributable to reaction [3]. It 
is not clear what the effect, if any, of the C—F bond polarity is on this reaction, although 
the fact that E; is larger than E, or Ez indicates that it could be of some consequence. 
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THE INFRARED ABSORPTION SPECTRA OF UREA-HYDROCARBON 
ADDUCTS! 


P. H. H. FiscHER AND C. A. MCDOWELL 


ABSTRACT 


The infrared absorption spectra of the adducts formed between urea and hydrocarbons from 
n-heptane to m-hexadecane have been measured in the range 600 cm™! to 4000 cm—!. From a 
consideration of the crystal symmetries of urea and the urea—hydrocarbon adducts it has been 
possible to assign the various vibration frequencies. The band shifts observed are explained 
in terms of changes in bond lengths and bond angles. 


INTRODUCTION 


Urea forms adducts, or clathrates, with a variety of organic molecules such as hydro- 
carbons, esters, and organosilanes. X-Ray studies (1) have revealed the general details 
of the structures of hydrocarbon—urea adducts. There have also been infrared studies 
(2, 3, 4) which have supplemented this structural information. The results available show 
that whereas pure urea crystallizes with a tetragonal structure, when it forms an adduct 
it adopts a hexagonal crystal structure. In this way long channels are formed which allow 
the .enclathrated hydrocarbon, or other molecule, to be located inside a cage of urea 
molecules held together by hydrogen bonds. Until quite recently little information 
was available concerning the physical state of the enclathrated hydrocarbon in these 
urea—hydrocarbon adducts. Nuclear magnetic resonance studies in these laboratories (5) 
have shown that the enclathrated hydrocarbon molecules have some vibrational and 
rotational, or torsional, freedom within the urea channels. We here report studies of the 
infrared absorptions spectra of a series of urea—hydrocarbon complexes. The aim of this 
work is to obtain information on the molecular motions of the trapped hydrocarbons, the 
stabilities of the complexes, and the structure of the hexagonal form of urea. 

Apart from work by Stuart (2), who studied the N—H stretching frequencies of the 
urea—cetane adduct, and by Barlow and Corish (4) on the same adduct (among other 
classes of adducts), no other investigations of the homologous hydrocarbon—urea adducts 
seem to have been undertaken. 


EXPERIMENTAL 


The preparation of the adducts was accomplished by two different methods. (a) 1.25 g of 
A. R. grade urea (recrystallized), very finely powdered, was shaken with 15 ml of the 
respective hydrocarbon (Phillips, research grade) for periods ranging from 12 to 48 hours. 
Decantation, vacuum filtration for 30 seconds, and drying in filter paper gave a finely 
crystalline product. (6) 300 mg of hydrocarbon were placed in a vial with 10 ml of saturated 
urea—methanol solution and brought to boil. Cooling of the stoppered vial in a well- 
insulated Dewar flask yielded hexagonal crystals up to 35 mm in length. 

The spectroscopic measurements were carried out on a Perkin-Elmer infrared spectro- 
photometer, model 21. The crystalline hydrocarbon—urea adducts were examined either 
by the potassium bromide disk method, or as Nujol and hexachlorobutadiene mulls. 


1 Manuscript received September 8, 1959. 
Contribution from the Department of Chemistry, University of British Columbia, Vancouver 8, B.C., Canada. 
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RESULTS AND DISCUSSION 


The spectra obtained (as KBr disks) are shown in Fig. 1. All complex spectra 
show similar changes from the spectrum of tetragonal urea, although in varying degree. 
Table I lists urea frequencies, both of the tetragonal and hexagonal structures. 


TABLE I 
Urea frequencies (cm!) 








Present Urea complex 





Urea study (lit.) Assignment 
3436* 3420 3420t v(NH) by 
3333* 3220 3225t v(NH) be 
3268 (sh)* -- a 
1686f 1676 4 bands be- v(CO) a 
1654 tween 1675 
and 1590§ 
16297 1630 5(NH2) be 
16037 1595 6(NH) a, 
14647 1492 1485§ v(CN) be 
1150f 1160 11605 p(NH) a 
1000+ 1014 1011§ v(CN) a 
789t 793 791§ B(OCNN) by 
717f 721 _ w(NH) db; 





*Ref. 6. fRef. 7. [Ref. 2. §Ref. 4. 


Infrared studies (6, 8, 9) of urea have indicated that the molecule is planar and this 
has been confirmed by proton magnetic resonance studies (10). Thus the isolated urea 
molecule belongs to symmetry group Coy. Ordinary urea crystallizes in a lattice of symmetry 

’,? with 2 molecules per unit cell. Hence the site symmetry of the planar Coy urea molecule 
is still Cs,, and the selection rules for the free molecule apply to the crystal as well (11). 
A free urea molecule with a planar Cov structure has the following fundamental vibrational 
frequencies; 7a@,;+2a2+3b:+662. All the vibrations are Raman active, but the two az 
vibrations, a NH» wagging, and a NH; torsional oscillation are forbidden in the infrared 
spectrum. The hexagonal form of urea crystallizes with lattice symmetry C¢52—D¢ (2) 
having 6 molecules per unit cell. There are consequently two distinct sets of sites having 
symmetry C2 (with six equivalent sites per set). The selection rules of the free molecule 
do not apply to the crystal and an assignment of the vibrations based on C2 symmetry is 
indicated (11). In this case, in contrast with the Coy case above, all 18 fundamental 
vibrations are allowed in both the Raman and infrared spectra. The change in lattice 
symmetry from tetragonal to hexagonal allows the two formerly forbidden a2 (NH2) 
vibrations to appear in the infrared spectrum of the hexagonal structure. 


TABLE II 


Vibrational frequencies of the trapped 
hydrocarbons (cm™!) 











Present study Lit. (4) Assignment 
2920 2920 Asym. CH stretch 
2850 2850 Sym. CH stretch 
1463 (sh) ca. 1465 CH: bend* 

1380 — Sym. CH; bend 





*There may also be a contribution from the CH; asymmetrical 
bending vibration. 
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The most striking change in the adduct spectra occurs in the N—H stretching fre- 
quency region. The out-of-phase vibration occurring at 3436 cm~' in the tetragonal urea 
is lowered to 3420 cm, whereas the in-phase vibration is shifted from 3333 cm—! to 
3220 cm™ in going from tetragonal to hexagonal unit cell. An increase in the strength of 
the hydrogen bonds is apparent. 


TABLE III 
Bond distances in urea (1) 











Bond Hexagonal urea Tetragonal urea 
C—O 1.28A 1.25A 
C—N 1.33 1.37 (ref.1) 
1.335 (ref.12) 
N—N 2.30 2.31 
Biael......O 2.93 2.99 
NeH...O 3.04 3.04 





It seems reasonable to assume that the shorter hydrogen bonds of the tetragonal 
structure are situated in a much more favorable position for hydrogen bonding to occur 
during complex formation and that the stability of the adducts is mainly due to these 
bonds. Although crystallographic data shows no shortening of bond length of the longer 
hydrogen bonds, spectral analysis indicates a slight shortening. 

The band at 1676 cm is identified with the CO vibration and is explained by the 
lengthening of the C—O bond length. In this connection it may perhaps be mentioned 
that Krimm (13) found a correlation between the CO stretching frequencies in poly- 
peptides and proteins, and the CO... NH angles. The raising of the C—N vibration 
frequency from 1464 cm~ to 1492 cm™ may be explained by the shortening of the C—N 
bond if the data of Smith (1) are accepted. However, Vaughan and Donohue (12) give 
a value of 1.335 A for the C—N bond length in tetragonal urea; this value is very close 
to that given by Smith for hexagonal urea. Similar remarks apply to the finding that the 
symmetric C—N frequency is increased from 1000 cm—! to 1014 cm. It will be noticed 
that the intensity of the 1014 cm band is greatly increased in the complex. The CO 
and CNHs groups have similar masses and due to resonance similar force constants. The 
CO group in the complex will be more highly polarized due to the stronger hydrogen 
bonding, and the C—O vibration, in phase with the C—N vibration, will tend to increase 
the intensity of the latter. 

The slight raising of the skeletal out-of-phase bending frequency at 793 cm~! (789 cm7! 
in tetragonal urea) is explained by a somewhat larger deformational force constant, re- 
sulting from the decrease in the N—N distance. Other very small changes in the complex 
spectra are due to changes in the permanent dipole of the new structure. 

From a study of Fig. 1 it is concluded that the spectra of the urea—tridecane and urea- 
hexadecane represent spectra of the pure complex, since only weak shoulders near 1465 
cm due to (CH_2) bending vibrations are present, and other bands found in tetragonal 
urea have been shifted, leaving no trace of the old band. In the case of the spectra of the 
heptane to dodecane adducts, it is noticed that a regular transition of intensity and degree 
of shift of bands has occurred. The continuous transition from the spectrum of pure urea 
to that of the pure complex is due probably to the instability of the lower hydrocarbon 
complexes. If the adduct had not been subjected to grinding, pressure, and vacuum during 
the pellet-making process, spectra resembling those of the pure complex would un- 
doubtedly have been obtained. As some of the complex was presumably destroyed under 
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such vigorous conditions, the spectra are likely those of varying proportions of pure urea 
and complex. Later experiments, using mulling techniques with Nujol and/or hexa- 
chlorobutadiene confirmed this, as spectra obtained resembled those of urea—tridecane and 
urea—hexadecane much more closely. 

Although it would be expected that the spectrum of the octene-1 complex should 
resemble that of the octane complex, such was not the case. Rather, the spectrum of a 
more stable complex was obtained. An explanation for the greater stability may be that 
the labile electrons of the z-bond give the octene molecule enough polar character to 
permit dipole-dipole interactions. In an extreme case, there exists even the possibility of 
weak hydrogen bonding to the surrounding structure. 
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HALF-LIVES OF THE NUCLIDES Au’, Pt'%", AND Pt!” ! 


M. BREsEsTI? AND J. C. Roy 


ABSTRACT 


The {half-lives of Au’, Pt!%™, and Pt!*%* have been measured. The radionuclides were 
produced by neutron irradiation in the NRX reactor at Chalk River and were radiochemi- 
cally purified after the irradiation. The decay of the X rays and y-radiations from Au 
and Pt!" was observed with a Nal (TI) detector, and the 8-decay of Pt"? was observed with 
an anthracene detector. The half-lives are: 


Au 199 +3 days, 
Pts" 4.08 +0.12 days, 
Pr97 20.00 +0.12 hours. 


The errors quoted are the estimated reliability of the measurement and include the 
statistical counting error plus an estimated systematic error. 


INTRODUCTION 


Values differing by nearly a factor of two have been reported for the half-lives of both 
Au! and the isomeric state of Pt!* whereas no precise measurement of the half-life of 
Pt!” has been made heretofore. 

The half-life of Au'® has been reported to be 185+3 days by Wilkinson (1), who 
followed the decay of the radiations of Au'® with an end-window Geiger counter for 2 
years. In a similar study Steffen et a/. (2) obtained a value of 180+15 days after observing 
the decay of a source for 14 months. In contrast to these measurements, Cressman and 
Wilkinson (3) found a value of 90+10 days by following the decay of the conversion 
electron lines of the gamma rays of Au'®; the length of time of observation of the decay 
of the source is not mentioned by the authors. 

DeShalit et a/. (4), who followed the decay of the conversion electron lines of the gamma 
radiations of Pt'®”, reported a half-life of 3.8 days. Cork et a/. (5) on examination of the 
conversion electron lines in a magnetic photographic spectrometer have deduced a half- 
life of about 6 days. Also a radioactivity in platinum observed by McMillan (6) (4 = 
3.3 days), Hole (7) (4 = 3.5 days), and Haldar (8) (4 = 4.4 days) has been assigned to 
Pt!" in the “Table of Isotopes’’ of Strominger et al. (9). Unquestionably these three 
values were obtained from sources containing Pt'™, Pt'%”", and Pt!®", and in one case 
Au'®® (6) and they cannot therefore be assigned with certainty to Pt!®”. 

Earlier measurements on the half-life of Pt! were done with sources contaminated 
with the other radionuclides of platinum and in some cases with a long-lived activity now 
known to be the 71-day Ir!* (10). The values reported by different workers are 18 (6, 4, 
11); 17.4 (12); and 19 hours (8). 

The present work was undertaken to reduce the uncertainties recorded in the earlier 
literature. 


EXPERIMENTAL 


(a) Irradiation 
Au!®, Pt!%", and Pt!’ were produced by neutron irradiation of suitable targets in the 
NRX reactor at Chalk River. 
Gold-195 was obtained by a (v,3m”) reaction on Au'”, the observation of which has 
1 Manuscript received September 30, 1959. 
Contribution from Research Chemistry Branch, Atomic Energy of Canada Limited, Chalk River, Ontario. 


Issued as A.E.C.L. No. 931. 
2Visiting Research Chemist. Present address: Gruppo Radioelementi, Via Mecenatte 84, Milano, Italy. 
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been reported recently by Eastwood and Roy (13). Early in the measurement of the 
radioactivity of Au’, it was found that the source was radiochemically pure and that 
it could be used for half-life determination. Observations of the decay were begun 5 
months after the end of the irradiation. Other gold isotopes produced in the irradiation, 
Au'®, Au!8, and Au! had decayed to insignificance by this time. 

v The isomeric state of Pt'® was produced by the irradiation of platinum enriched to 
60% in Pt!®. A filter of 0.076 cm of cadmium was used and under these conditions 
Pt!" was produced by the (,n’) reaction on Pt'!® and the (m,y) reactions on Pt!™; the 
former is believed to be the more important reaction. The observations of the decay 
started about 15 days after the end of the irradiation; the Pt!” activities had decayed toa 
negligible level by this time. 

Platinum-197 was obtained by a (”,7) reaction on platinum metal enriched to 66% in 
Pt!*. Observations of the decay started 3 days after the end of the irradiation. 

From the abundance of the other platinum isotopes and the values of the neutron cross 
sections (14) one can calculate that irradiations under cadmium of platinum enriched in 
Pt!® should give predominantly Pt!*” and correspondingly, irradiation of enriched Pt'® 
should give predominantly Pt!”. This arrangement substantially reduces the uncertainties 
associated with earlier work. 


(b) Purification 

The purification of the gold has already been described (13). The platinum metal was 
dissolved in aqua regia and the solution was evaporated to dryness. The residue was 
dissolved in 3 N HCl and washed 10 times with equal volumes of ethyl acetate containing 
gold carrier. The H NO; was eliminated from the aqueous solution by repeated evaporation 
and addition of concentrated HCI. The chloroplatinate in 3 N HCI was reduced to the 
platinic form with stannous chloride followed by an extraction with ethyl acetate. The 
ethyl acetate solution was washed five times with 3 N HCl and was then evaporated to 
a small volume (15). The sources of platinum were prepared by drying a few drops of the 
solution on an aluminum tray. Similarly, the gold source was prepared by deposition of 
the gold metal on an aluminum tray. All the sources were covered with a layer of Scotch 
tape to avoid loss of material. 


(c) Counting Techniques 

The decay schemes of Au'® (3) and Pt!®”" (5, 16) are well known. The prominent 
radiation of these radionuclides is the 67-kev K X ray which arises mainly from K-capture 
and internal conversion of the 98-kev y-ray in Au'® and from internal conversion of the 
98- and 130-kev y-rays in Pt!®”. In these measurements, the half-lives were obtained by 
following the decay of the K X ray and the 98-kev radiation with a 1 in. X1 in. NaI (TI) 
crystal coupled to an RCA 5919 photomultiplier tube. The y-ray spectrum was displayed 
on a multichannel analyzer using an AEP-type 1444 linear amplifier with a resolving 
time of 0.5 usec (17). The y-ray spectra of Au'® and Pt!®” are shown on Fig. 1. Readings 
were taken about twice a month for Au’ and once or twice daily for Pt!*”. Before or 
after each reading the stability of the apparatus was checked with a source of Am**! 
(4, = 458 years). The strong 59.6-kev y-ray of Am*™! makes it a convenient and reliable 
standard. For the period over which the data were accumulated, the variations in the 
counting rate of the source of Am*! were random and fluctuated around a mean value. 
The standard deviation from this mean for the entire set of data was taken as a measure 
of the error due to the stability of the counter. It was 1.9% and 1.3% for the gold and 
platinum measurements respectively. There was no measurable counting loss due to the 
resolving time of the amplifier. 
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Fic. 1. Pulse-height distribution of Pt!" and Au'® taken with 1 in. X 1 in. Nal (T1) crystal. 


The Pt!” activities were measured with an anthracene beta counter. The distance 
between source and window was 2.0 cm of air. The thickness of the window was 2.16 
mg/cm? of aluminum, that of the Scotch tape covering the source was 9.0 mg/cm’, and 
that of the source was a few mg/cm’. These materials will absorb the conversion electrons 
emitted by other radionuclides of platinum present in small amount in the sources of 
Pt, The anthracene crystal was coupled to an RCA 6199 photomultiplier tube used with 
a linear amplifier-discriminator combination. The standard error due to the stability of 
the counter was measured to be +0.5% by counting a source of Cs'*” several days before 
and after the measurement. No dead time correction was applied because, for the highest 
initial counting rate obtained in the measurement, 1000 counts/sec, the counting loss 
was less than 0.3%. One half-life determination was also made using a conventional 
2x-proportional counter. 


RESULTS AND DISCUSSION 


One source of Au'®, three sources of Pt'*®”" from two separate irradiations, and five 
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sources of Pt!” from four separate irradiations were used in the measurement. A study 
of the gamma-ray spectrum and of the absorption of the beta rays in aluminum was made 
for each source in order to detect the presence of possible impurities and to determine also 
the degree of interference of the other platinum activities. 

In the range 25 kev to 2 Mev, only the radiations characteristic of the nuclide being 
measured could be observed. Platinum-191 has several gamma rays above 160 kev (16) 
which, if present in the sources of Pt'®", could have been detected easily. Their absence 
in the sources of Pt!” shows that the activity of Pt!®*' was less than 0.3%. The activity 
of Pt!%" was calculated to be less than 2% of that of Pt!®". No beta rays could be 
observed in the sources of Au'® and Pt'”. The soft conversion electrons emitted by 
these radionuclides were absorbed in the sources and Scotch tape covering them. The 
decay of the sources of Pt'®”" and Pt!” were followed until the counting rate was just 
1/10th of the background and in all cases no deviation from a linearity could be detected 
in the usual semilogarithmic plot. The backgrounds of the y- and 8-detectors were 50+10 
and 10+1 counts/minute respectively. A further check was provided by dividing in two 
the time over which the decay of each source was observed and calculating the half-life 
for both parts. For the three radionuclides, the half-life calculated from each half of the 
data agreed with that calculated from the full data within the experimental error. 

In the computation of the data each point was assigned an internal error formed by 
combining quadrically the statistical counting error and the error due to the stability of 
the counter. The half-life for decay of each source was calculated by the method of least 
squares, each point being weighted by the reciprocal of the squares of the assigned error. 
The data and the results of the computation are assembled in Table I. The external error 











TABLE I 
Summary of the half-life determinations 
Initial 
counting No. of 
Radio- rate, No. of _ half-lives Internal External 
nuclide counts/min points followed Half-life error error 
Au 6,000 34 2.1 199.04 1.54 1.05 days 
Pt95™ (1) 16,000 17 5.2 4.178 0.015 0.022 days 
(2) 9,300 14 3.4 3.998 0.024 0.012 days 
(3) 19,400 9 2.4 4.028 0.035 0.015 days 
Weighted average 4.083 0.015 0.060 days 
Pt? (1) 54,200 62 6 20.113 0.018 0.019 hours 
(2) 43,200 50 5 19.930 .0.019 0.025 hours 
(3) 62,300 44 6.3 19.977 0.016 0.023 hours 
(4) 49,200 30 4.5 19.661 0.027 0.050 hours 
(5)* 59,600 31 3.6 19.895 0.010 0.054 hours 


Weighted average 19.998 0.012 0.057 hours 


*Half-life measured with a proportional counter. 





listed in the last column is a measure of the deviation of the data from a least-squares fit. 
The weighted mean value is taken as the final half-life value and the larger of the internal 
or external error is taken as the final statistical error. The presence of other platinum 
activities, although in low abundance, could cause a small systematic error. It follows 
from the discussion that such a systematic error could be of the order of the statistical 
error. Therefore the statistical error is doubled and the half-lives are given as 


Au'® 199 +3 days, 
Pt'*" 4.08 +0.12 days, 
Pt!” 20.00 +0.12 hours. 
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The values of the half-lives of Au'® and Pt!*" found in this work are in fair agreement 
with those reported by Wilkinson (1), Steffen et a/. (2), and deShalit (4) respectively. 
However, the present work does not support the values of 90 days (3) for Au!® and 6 days 
(5) for Pt!®". The earlier approximate values of 18 (6, 4, 11), 17.4 (12), and 19 hours (8) 
are in reasonable agreement with the more precise value of 20.0 +0.12 hours recorded 
in this paper. 
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A METHOD OF INTEGRATION OF THE GIBBS-DUHEM EQUATION WHEN 
ACTIVITIES OF A SOLUTE ARE REQUIRED FROM THOSE 
OF THE SOLVENT! 


M. L. LAKHANPAL? AND B. E. Conway 


ABSTRACT 


A new graphical method has been developed for integrating the Gibbs-Duhem equation 
for the case where activities of the solute are required from experimentally determined values of 
the activity of the solvent in a binary solution. This method has been applied to the deter- 
mination of the activities of fractions of polyoxypropylene glycols in methanolic solutions. 
The accuracy of the procedure is discussed. 


When partial thermodynamic functions are required for solute and solvent in a binary 
mixture from measurements of the vapor pressure of the solvent, it is necessary to utilize 
an integrated form of the Gibbs—-Duhem equation. Whilst the integration of this equation 
by graphical or other means is easy when activities of the solvent are to be calculated 
from those of the solute, e.g. in the TI-Hg case (1, 4) the reverse procedure, which is more 
often required, presents considerable difficulties since the function for integration then 
rises asymptotically to high values as the activity coefficient of the solvent tends to unity 
in dilute solutions and an unambiguous integration cannot then be carried out. For this 
case where activities of the solute are to be calculated from those of the solvent, approxi- 
mate analytical methods (1) have been suggested but these can give erroneous results (1) 
for dilute solutions. It is therefore the purpose of this paper to report a new semiempirical 
graphical procedure for integration of the Gibbs-Duhem equation when solute activities 
are required. The method is illustrated by reference to thermodynamic measurements on 
the system polyglycol(mol. wt. 1955)—methanol, which we have recently carried out. 

The Gibbs—Duhem equation 


[1] pb x, dp; = ( 


i 


gives, for a two-component system, the familiar relationship 


a2 a 
[2] xedIn— = —x,dln—, 
Xe x1 
where x1, X2 are the mole fractions; a), d@2 are the activities and uw; and ye are the chemical 
potentials of the solvent and solute, respectively. Upon integrating equation [2] from the 
limit x2 = 0 where az is zero to any point x2 = x, where dz is finite, the expression 
rQ=r 
a x a 
[3] In = — —din— 
x2 zo=0 X2 v1 
is obtained. In the analytical method, the activities of the solute are determined by 
obtaining an empirical relationship by which the activities of the solvent can be expressed 
as a function of the composition of the two-component system (1, 2) so that [3] can be 
directly integrated and the activities of the solute calculated at various compositions. 
This procedure, however, necessitates very accurate knowledge of the experimental 


1Manuscript received October 2, 1959. 
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activities of the solvent over a range of concentrations (particularly at low concentra- 
tions) sufficient to enable an empirical equation to be formulated which can be relied 
upon to represent the experimental behavior of limitingly dilute solutions. The graphical 
method consists in plotting the values of x;/x2 against log a;/x; and determining the area 
under the curve between the limits indicated in equation [3]. The graph of the function 
x1/X2 vs. log a;/x; is shown in Fig. 1 for solutions in methanol of a polyoxypropylene 
glycol fraction (number average mol. wt.= 1955), the experimental data for which have 
been obtained by differential vapor-pressure measurements which will be described in 
detail elsewhere (3). Since the curve of x;/x2 against log a:/x; (see Fig. 1) is asymptotic* 
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Fic. 1. Plot of the mole fraction ratio x:/x2 vs. log a,/x; for solutions of polyoxypropylene glycol (mol. wt. 
1955) in methanol. 


to the axis of the ordinate x,/x2, it has to be extrapolated to an infinite value of x;/xe in 
order to obtain the total area under the curve. The accurate assessment of the integral 
by measurement of the area under the extrapolated curve presents a practical difficulty 
particularly in the asymptotic region of the curve. Usually a rough approximation of this 
area is made or an extrapolation function is devised (1) which is often unsatisfactory in 
the dilute solution region. 

In view of these difficulties, we have developed an alternative method for obtaining the 
integral to an infinite value of x;/x2 as log a1/x, tends to zero. As in the graphical method 
mentioned above, the values of x:/x:2 are first plotted against log ai/x; (see Fig. 1). The 
area under the curve from a point X in the asymptotic region to an infinite value of 
x1/X2 is considered to be equal to an unknown constant C, so that the total integral up to 


*When the activity of the ‘‘solute’’ is measured and it is desired to obtain the corresponding activity of the 
“‘solvent’’, for example in the system T|l-Hg (4), this difficulty does not arise since the function for integration 
becomes zero when x2/x, = 0. 
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any point on the curve is equal to C plus the area under the curve from the point X to 
that point. If C is first considered to be equal to zero, we obtain apparent first approxima- 
tion values of log a2/x2. The values of x2/x; are now plotted against the apparent values 
of log a2/x2 as shown in Fig. 2. It is found that the value of log a2/x2 for a value x2/x; 
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Fic. 2. Plot of the mole fraction ratio x2/x; vs. log of the first approximation values of a2/x2 for solutions 
of polyoxypropylene glycol (mol. wt. 1955) in methanol. ; 


corresponding to the point X in Fig. 1 is zero, so that the curve in Fig. 2 does not pass 
through the origin as it should do. This suggests that if we smoothly extend the curve 
back to the axis of abscissae, the point at which the curve meets that axis should be the 
actual origin. Hence all the apparent values of log a2/x2 must be increased by the constant 
C equal to the shift of the origin along the horizontal axis. Without any further informa- 
tion about the course of the curve in the region covered by extrapolation, there may be 
some uncertainty in the value of the constant C thus estimated. However, in order to 
make a more correct extrapolation it is possible to utilize the fact that the area 4 under 
the curve in Fig. 2 must be equal to log a;/x,; at the point X in Fig. 1, and this is known 
experimentally. 

The above method makes it possible to compute the value of C and hence allows the 
determination of the values of a2, the activity of the solute, corresponding to the various 
experimental values of a;. The values of the constant C may be determined with an 
accuracy better than +5% so that the values of log a2/x2 may be obtained with an 
accuracy increasing from about +4% to better than +1% for increasing values of the 
concentration of the solute. This enables the calculation of the activities of the solute to 
be made with an accuracy of better than +0.5% in a2. The accuracy of the above method 
of integration may be illustrated by applying it to the data on aqueous sucrose solutions 
discussed by Lewis and Randall (ref. 1, pp. 275-276). From the given values (1) of molal 
concentrations and In a,, we have calculated the values of In a;/x; shown in column 4, 
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TABLE I 
Calculations of the activities of sugar in aqueous sugar solutions 











m x1/Xe In a, In a) /x1 In a2/X> In a,/x1 In a; 
0.050 1110 —0.00053 0.00037 —0.035+20% —0.00002 —0.00092 
0.172 322.7 —0.00013 —0.00013 —0.090+5% —0.00013 —0.00324 
0.454 122.3 —0.00871 —0.00056 —0.167+1% —0.00055 —0.00870 
1.009 55.01 —0.02002 —0.00201 —0.2744+1% —0.00194 —0.01995 





Data taken from Lewis and Randall (ref. 1, p. 275). 


Table I. The positive value of In a;/x, for the first concentration indicates that the 
value of a, is incorrect (as also concluded by Lewis and Randall). The last three concen- 
trations (see Table I) were therefore used for the calculation of In a2/x2 by the method 
described above and these values are given in column 5 of Table I. In order to test the 
validity of these calculated values of In a2/x2, the values of In a,/x,; were back-calculated 
from those of In a2/x2 and are given in column 6. Considering that only three concentra- 
tions are available for these calculations the agreement of the values of In a;/x; in 
columns 4 and 6 of the table is very satisfactory. An estimate of the accuracy with which 
the values of In a2/x2 can be obtained is also recorded in column 5. 

An attempt has also been made to assess the approximate value of In a;/x, for the 
first concentration. The value obtained is —0.00002; the value of Ina; is therefore 
0.00092 and it can be seen from Table I that this figure is accurate to about +1%. 

The above case has been examined in order to indicate the convenience and accuracy 
of this method of integration as applied to previously determined data which have also 
been treated by other methods of integration (1). The procedure reported here has some 
advantages in that it is convenient and not very sensitive to small inaccuracies in the 
determination of the experimental points for solutions in the region of low concentrations, 
whilst the special analytical extrapolation method described by Lewis and Randall is. 

The method has enabled us to calculate the values of the activities of a number of 
different molecular weight fractions of polyoxypropylene glycol in methanolic solutions 
of various concentrations. The values of the activities of the solvent, a,, and the corre- 
sponding activities of the solute, a2, in solutions of the polymer of mol. wt. 1955 are 
reported in columns 3 and 4 of Table II as an example of the application of the method 


TABLE II 


The activities of the solute and the solvent ina 
polyoxypropylene glycol — methanol system at 15° C 











Polymer Polymer 
molecular mole Activity of Activity of 
weight fraction solvent, a; solute, a2 
1955 0.00219 0.9972 0.004 
0.00299 0.9959 0.006 
0.00527 0.9913 0.019 
0.0085 0.9847 0.052 
0.0139 0.9714 0.179 
0.0179 0.9579 0.244 





using Figs. 1 and 2. A more complete treatment of the thermodynamic properties of 
these systems will be communicated shortly. 
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THE OXYGENATED FATTY ACIDS OF THE OIL OF 
WHEAT STEM RUST UREDOSPORES'! 


A. P. TuLLocH 


ABSTRACT 


The principal oxygenated acid present in the oil of wheat stem rust is cis-9, 10-epoxy- 
octadecanoic acid, and is accompanied by a small proportion of (+) threo-9,10-dihydroxyocta- 
decanoic acid. 


INTRODUCTION 


The component fatty acids of the oil from uredospores of Puccinia graminis var. tritici, 
race 15B, were described previously (1), and the present paper reports chemical evidence 
for the structure of the cis-9,10-epoxyoctadecanoic acid which was found in the oil. After 
preliminary experiments (1) had shown the presence of an epoxy acid in the mixture, the 
free fatty acids were treated with acetic acid according to Gunstone’s procedure (2) and 
the acetoxy acid, produced from the epoxide, was hydrolyzed. A dextrorotatory dihydroxy- 
octadecanoic acid was isolated and separated into racemic and (+) threo-9,10-di- 
hydroxyoctadecanoic acids by fractional crystallization. The melting point and rotation 
of the latter were practically the same as those reported by McGhie et al. (3) for the 
synthetic (+) acid. The dihydroxy acid obtained initially was oxidized with the 
permanganate—periodate reagent (4, 5), which afforded only azelaic and pelargonic acids. 
These results, and those reported before (1), establish that the acid contains a cis epoxy 
group at the 9,10 position, but some of the dihydroxy acid isolated could have been present 
in the original oil. Therefore, a fresh sample of oil was fractionated by countercurrent 
distribution as the methyl esters and found to contain 1.3% of (+) threo-9,10-dihydroxy- 
octadecanoic acid and about 27% of the epoxy acid. Oil from other spores collected in 
the field in 2 different years contained 4—5% of the (+) dihydroxy acid and 20-22% of 
the epoxy acid. 

threo-9,10-Dihydroxyoctadecanoic acid has been found in small amounts in the oil of 
Lycopodium clavatum spores (6, 7) but not in conjunction with an epoxy acid. However, 
Bharucha and Gunstone (8) found that the seed oil of Cephalocroton cordofanus (Muell 
Arg.) contained, in addition to 62% of cis-12,13-epoxyoleic acid, 4% of threo-12,13- 
dihydroxyoleic acid. King (9) has prepared a cis-9,10-epoxyoctadecanoic acid (m.p. 
59.5° C, [alp +0.29°) from the naturally occurring form of erythro-9,10-dihydroxy- 
octadecanoic acid; however, the epoxy acid isolated in the present work melts at 
58.5-59.5° C and has [a]p —0.25°, and is probably the enantiomorphic form. 

Bharucha and Gunstone (10) and Gunstone and Morris (11) found that acetolysis of 
cis-12,13-epoxyoleic acid and of cis-15,16-epoxylinoleic acid is, to some extent at least, 
stereospecific giving dextrorotatory threo-dihydroxy acids. With the 9,10-epoxy acid a 
completely stereospecific ring opening would give either the (+) or (—) 9,10-dihydroxy 
acid with a specific rotation of +26°. However, acetic acid treatment of the epoxy acid 
followed by hydrolysis gave only a very weakly dextrorotatory product showing that, for 
this type of reaction, when the epoxide group is in the central 9,10-position the two C—O 
bonds are broken with almost equal ease. Therefore, samples of oil which yielded appreci- 

1 Manuscript received October 19, 1959. 
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able amounts of (+) dihydroxy acid on acetolysis were assumed to have contained this 
acid before the reaction was carried out. In particular, the fatty acids from the 1951 
spores, which gave a dihydroxy acid with a specific rotation of +12.4°, must have con- 
tained more (+) acid than usual, perhaps because of the age of the spores. 


EXPERIMENTAL 


Extraction of the oil was carried out as previously described (1, 12). Melting points 
were measured with a Leitz heating stage microscope. Infrared spectra were recorded in 
the manner described earlier (1). All rotations were measured in ethanol in a 1-dm tube. 


Acetolysts of the Fatty Acids of the Oil 

The oil, extracted from rust spores which had been collected in 1951, was saponified by 
refluxing with 5% ethanolic potassium hydroxide for 1 hour and the free fatty acids 
isolated in the usual way. The fatty acids (3.800 g) were refluxed with glacial acetic acid 
(50 ml) for 4 hours, the acetic acid taken off, the product hydrolyzed with 5% alcoholic 
potash, acidified, and the acids extracted with ether. Removal of the ether gave a mixture 
of acids (3.760 g) which was distributed between 100-ml portions of 80% methanol and 
petroleum (b.p. 40—-60° C) in five stages. The two most polar fractions contained 1.230 g of 
gum which, on crystallization from ethyl acetate, gave threo-9,10-dihydroxyoctadecanoic 
acid (0.818 g), [a]?# +12.4° (c, 1.7). The methyl ester prepared by diazomethane treatment 
gave colorless prisms from acetone/petroleum (b.p. 60-80° C), m.p. 68-70° C. Calculated 
for Cy9H3.04: C, 69.04%; H, 11.59%. Found: C, 68.77%; H, 11.31%. Five further 
crystallizations of the acid from ethyl acetate gave racemic threo-9,10-dihydroxy- 
octadecanoic acid (0.200 g), m.p. 96—97° C, not depressed by admixture with the synthetic 
acid (13) of m.p. 95-96° C. Calculated for CisH3604: C, 68.31%; H, 11.47%. Found: C, 
68.59%; H, 11.54%. The infrared spectrum was indistinguishable from that of the 
synthetic material. The acid recovered from the mother liquor of the first two ethyl 
acetate crystallizations was crystallized four times from acetone, yielding (+) threo-9,10- 
dihydroxyoctadecanoic acid (0.062 g), m.p. 98.5-99.5° C; [a]% +25.60° (c, 0.6) (lit. (3) 
gives m.p. 99.5° C and [a]p +23.5° in methanol). Calculated for CisH360,4: C, 68.31%; 
H, 11.47%. Found: C, 68.31%; H, 11.49%. The infrared spectrum showed some small 
differences from that of the racemic acid. 


Oxidation of the Dihydroxy Acid 

The acid (0.127 g) was dissolved in a solution of potassium carbonate (0.174 g in 132 ml 
water), and sodium periodate (0.360 g) and potassium permanganate (0.004 g) in water 
(64 ml) were added. After it was shaken for 24 hours the solution was acidified (dilute 
sulphuric acid), saturated with sodium chloride, and extracted seven times with ether. 
Evaporation of the ether gave a mixture of acids (0.156 g) which, on stirring with 
petroleum, b.p. 40—60° C, gave azelaic acid (0.079 g), m.p. 104—106° C, after crystallization 
from ethyl acetate, which was not depressed by authentic azelaic acid, m.p. 105-107° C. 
Distillation of the petroleum-soluble fraction gave pelargonic acid, b.p. 95-100° C (air 
bath)/0.1 mm, the infrared spectrum of which was indistinguishable from that of an 
authentic specimen. The p-bromophenacy] ester had m.p. 63.5-64.0° C, undepressed by 
the synthetic derivative, m.p. 63.5-64.5° C. Calculated for Ci;7H2;03;Br: C, 57.47%; 
H, 6.52%. Found: C, 57.68%; H, 6.59%. The mother liquors of both fractions were 
converted to methyl esters and, examined by gas liquid phase chromatography using the 
apparatus described previously (1), appeared to contain only pelargonic and azelaic 
esters. 
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Isolation of the Oxygenated Acids 

‘Spores were collected from rusted Stewart wheat grown in the greenhouse (controlled 
to temperatures of 60—-75° F) in July 1959 and the oil was extracted. Methy] esters of the 
fatty acids were prepared by treating the oil (4.327 g) with diazomethane to esterify traces 
of free acids, and then refluxing with methanolic sodium methoxide (70 ml, from 0.5 g of 
sodium in 1 liter of methanol) for 50 minutes. The solution was poured off from the in- 
soluble residue (0.194 g), acetic acid (0.15 ml) added, the methanol distilled off, water 
added to the residue, and the product extracted with ether. After the solvent was 
removed, the esters (3.995 g) were separated by 120-tube distribution between petroleum 
(b.p. 60—-80° C) and 85% ethanol using a modified E.C. Apparatus Co. fractionator with 
100 tubes and 20-ml capacity each phase. Fractions 16-35 (0.100 g) after crystallization 
from petroleum, b.p. 60-80° C, gave methyl (+) threo-9,10-dihydroxyoctadecanoate, m.p. 
59-61° C, [a]*§ +23.9° (c, 1.65) (lit. (3) gives m.p. 62° C and [a]p +22.5° in methanol). 
Calculated for CyygH2s04: C, 69.04%; H, 11.59%. Found: C, 68.82%; H, 11.47%. Saponi- 
fication of the sample gave (+) threo-9,10-dihydroxyoctadecanoic acid (0.053 g, 1.3%), 
m.p. 98-99° C, [a] +26.6° (c, 1.é,. 

Fractions 68-85 (1.087 g) consisted almost entirely of methyl cis-9,10-epoxyocta- 
decanoate, and crystallization from acetone at 0° C gave the pure ester as leaflets, m.p. 
24.5-25.5° C. Calculated for Ci9H3603: C, 73.03%; H, 11.61%. Found: C, 72.98%; 
H, 11.73%. [a] +1.1° (c, 5.25). The infrared spectrum showed a cis epoxide peak at 
825 cm; synthetic methyl czs-9,10-epoxyoctadecanoate had a very similar spectrum 
with a peak at 826 cm (14). The ester (1.087 g) was refluxed with 2% ethanolic potassium 
hydroxide for 30 minutes, water (200 ml) was added, followed by hydrochloric acid 
(N/2) until the mixture was just acidic, the solid product was filtered off and washed 
thoroughly with water. On drying, cis-9,10-epoxyoctadecanoic acid (0.989 g) was obtained 
and crystallized from acetone as colorless platelets, m.p. 58.5-59.5° C (lit. (9) 59.5° C) 
depressed to 53-56° C on admixture with the synthetic racemic acid (13), m.p. 58.3- 
58.8° C. Calculated for CisH 3403: C, 72.43%; H, 11.48%. Found: C, 72.51%; H, 11.56%. 
[a]; —0.25° (c, 17.00) (lit. (9) gives [a]? +0.29°). The infrared spectrum had a cis epoxide 
peak at 845 cm~ compared to 842 cm for the racemic acid (14, 15). Fractions 86-112 
contained the methyl esters of the other fatty acids of the oil (Ci2—Cis) (1) (2.511 g), and 
the other fractions contained only very small quantities of material. 


Conversion of the Epoxy Acid to threo-9,10-Dihydroxyoctadecanoic Acid 

The cis-9,10-epoxyoctadecanoic acid (0.400 g) was refluxed with glacial acetic acid 
(25 ml) for 4 hours and the acetic acid removed under vacuum. The residual syrup 
(0.487 g) [a]?# +0.71° (c, 6.30) was hydrolyzed with alcoholic sodium hydroxide (3%) and 
the product (0.411 g) isolated in the usual way. Without purification the [a]?® was +1.11° 
(c, 5.60) ; one crystallization from ethyl acetate (15 ml) gave racemic threo-9,10-dihydroxy- 
octadecanoic acid (0.270 g), m.p. 94-95.5° C, which had an infrared spectrum closely 
similar to that of an authentic sample. 
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THE GAS HYDRATE OF BROMOCHLORODIFLUOROMETHANE! 


D. N. GLEw 


ABSTRACT 


An experimental study has been made of the saturation pressure — temperature lines of 
liquid bromochlorodifluoromethane, liquid bromochlorodifluoromethane — water, bromo- 
chlorodifluoromethane hydrate- water, and bromochlorodifluoromethane hydrate — ice 
systems, for which the characteristic equations are given. Two quadruple points for the hydrate 
systems have been located and solubilities of water in bromochlorodifluoromethane and 
bromochlorodifluoromethane in water determined. A systematic treatment of gas hydrate 
saturation pressure data to yield thermodynamic equations is indicated, and the thermody- 
namic functions for bromochlorodifluoromethane hydrate and its phase reactions are 
tabulated. Bromochlorodifluoromethane hydrate is shown to be a stoichiometric compound, 
and its thermodynamic functions are considered in relation to those of other gas hydrates. 


INTRODUCTION 


The gas hydrate clathrates, in which hydrate-formers are included in three-dimensional 
hydrogen-bonded water lattices, are of considerable interest in their own right and in the 
direct indication that they provide on the nature of the hydration shells confining aqueous 
non-electrolytes at lower temperatures (1, 2, 3). 

Although the gas hydrates have been known for approximately 150 years their chemical 
formulae remained uncertain until 1951, when the structural work of Claussen (4) and the 
X-ray work of v. Stackelberg and Miiller (5) elucidated the crystallographic structures of 
two distinct gas hydrate families based on two different fundamental water lattices. 
Recently two independent theoretical treatments (6, 7) have indicated that the formulae 
for the small molecule gas hydrates (Structure I) should change with temperature as a 
result of varying partial occupancy by the hydrate-former of available co-ordination sites 
within the hydrate water lattice. 

It was therefore of interest to examine whether this partial occupancy obtained in the 
hydrates of larger molecules (Structure II) having the ideal crystallographic formula 
M.17H.O. Furthermore, theoretical models for the gas hydrates have always assumed 
that the thermodynamic functions for the lattice water were little different from ice, in 
spite of the considerable difference of both hydrogen bond angles and separations (8). To 
obtain evidence for this assumption it was desirable to determine the heat capacity changes 
for hydrate formation, which would be considerably different from theoretical values for 
Structure II hydrates if the lattice water contributions were very different from ice, 
and/or if these hydrates were to exhibit significant changes of occupancy with tempera- 


ture. 


EXPERIMENTAL 


Bromochlorodifluoromethane was purified in a Podbielniak low temperature distillation 
column and was analyzed as 99.9 mole% pure by mass spectrometry, the impurities being 
closely related halofluoromethanes. All water used was laboratory-once-distilled which 
had been passed through a mixed bed, demineralizing column. 

The saturation pressure measurements were carried out with the condensed phases 
contained in either a simple unstirred 40-ml-capacity glass cell or a 100-ml glass cell 
equipped with a rotating paddle, which was driven magnetically. The pressure from the 

1Manuscript received September 17, 1959. 
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saturation cell was transmitted via small bore glass tubing to a l-cm I.D., U-type 
mercury manometer on which pressures were measured by cathetometer comparison 
with a stainless steel length standard accurate to +0.02 mm at 100 mm and to +0.04 mm 
at 1000 mm. All pressures were corrected to, and are quoted in, International mm Hg. 

The vapor pressure cells were maintained at constant temperature using baths of 
melting methylene chloride —95°, subliming carbon dioxide —79°, melting chlorobenzene 
— 45°, or a large capacity ethylene glycol — water thermostat between —30 and +10° C, 
the temperature of the vapor pressure cell being measured concurrently with the satura- 
tion pressure determinations. Temperatures were determined with a calibrated 65-ohm 
platinum resistance thermometer and standardized Miiller bridge using a total bridge 
current of 2 ma and photoelectric amplifier-galvanometer as null detector. In the tempera- 
ture range —20 to +10° C the precision of temperature difference measurement was 
+0.001°, which, including ice-point errors and thermostat fluctuations, gives the tem- 
peratures reported an absolute accuracy of +0.003° on the centigrade scale. 

For vapor pressure measurement a 20-ml middle-fraction, from an original 40-ml 
freeze-outgassed sample of bromochlorodifluoromethane, was distilled into the evacuated 
vapor pressure cell, the sample was further freeze-outgassed and the cell was then isolated 
by mercury cutoff valve. For the experiments below —30° C the unstirred 40-ml cell 
immersed in the various cooling baths was used; the pressure and temperature were 
measured at regular intervals for periods of 4-10 hours, and some 20-30 independent 
readings were averaged in obtaining each of the experimental values recorded. Between 
—21 and 10° C, vapor pressure measurements were conducted in the 100-ml capacity 
cell immersed in the thermostat which maintained temperatures constant to +0.002° C. 
The use of stirrer was unnecessary since the vapor pressure attained equilibrium within 
1 hour, after which time a series of 4-6 pressure-temperature readings were taken to 
define each reported result. 

In the preparation of the two-component water—bromochlorodifluoromethane systems, 
approximately 50 ml of freeze-outgassed water was transferred to the evacuated 100-ml 
cell maintained by the thermostat at +0.5° C. The stirrer was put into operation, the 
stirred water evacuated a further 30 minutes, the pumps isolated, and a 5-ml sample of 
freeze-outgassed bromochlorodifluoromethane distilled from a cold finger into the cell at 
900 mm Hg pressure. After a short period gas hydrate formed and after the pressure had 
decreased to 600 mm Hg the cell and its contents were isolated by mercury cutoff valve. 

Equilibrium measurements of (1,l.v), see Glossary of Symbols, were found to be most 
rapidly and reproducibly obtained by approaching equilibrium from higher temperatures, 
since removal of supersaturation was faster than attainment of saturation from the 
unsaturated condition. Thus, in obtaining equilibrium at a given temperature the 
thermostat was raised 0.7° C above this and the cell contents stirred rapidly for 4 hours, 
after which time the temperature was lowered to the required value and the stirring 
progressively moderated over a 6-hour period. The system was allowed to equilibrate a 
further 6 hours and then 4—6 equilibrium measurements were taken over a 4-hour period. 

Kinetic measurements on (hl,v) showed that equilibrium was generally attained with 
stirring after about 24 hours when approached from lower temperatures and pressures, as 
opposed to 48 hours when approached from higher temperatures. It was further observed 
that although the kinetic rates in different experiments varied irreproducibly, presumably 
due to uncontrolled factors such as hydrate crystallite size, proximity of crystals to liquid 
surface, quantity of freely suspended crystals in liquid phase, etc., equilibrium was 
attained in any single experiment with constant (or no) stirring according to a first-order 
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rate law. When equilibrium measurements, which were approached from both lower and 
higher temperatures, were taken, the vapor pressure cell contents were stirred for 24-48 
hours to come near to equilibrium, the stirrer was stopped, and the system left for a 
further 24 hours, after which 7-20 pressure-temperature readings were taken at regular 
intervals for a périod 2-6 days, depending on the variability observed. To allow for the 
diurnal temperature variation of the unthermostatted mercury manometer and connect- 
ing tubing, all observed pressures were corrected to the average ambient temperature by 
applying a dead-volume correction. The precision of measurement of the pressures is 
essentially that of the length standard; however, the accuracy achieved over the 0-10° C 
range is certainly inferior, and is probably still due to lack of attainment of equilibrium. 

Measurements on the solid (hs;v), for which the stirrer was inoperative, showed that 
equilibrium was reached faster, 1-3 days, by approach from lower temperatures in which 
the hydrate decomposition reaction was involved. However, to confirm equilibrium, 
experiments from —5 to —20° C were conducted starting both from below and above 
the required equilibrium temperatures, and the readings reported for each temperature 
represent averages of 25-42 separate measurements conducted over periods of 1 week or 
longer. The remaining results were derived from experiments approaching equilibrium 
from lower temperatures in which some 15 measurements were taken over 3-day periods. 
The improved absolute accuracy of the pressures measured for (hsiv) is due both 
to the large number of readings taken at each temperature and to the reduced effect of 
ambient temperature variation. The apparent agreement shown in Table IV below 
— 10° C is fortuitous and cannot be considered significant since it is far beyond the ulti- 
mate accuracy +0.02 mm of the calibrated length standard. 

The saturation pressure at Q(hs,l;v) was determined by kinetic analysis of the first- 
order change of pressure with time exhibited when (hs;v) initially at —0.2° C was 
maintained in the thermostat set at +0.013° C. The rate of melting of s; to 1; was suf- 
ficiently slow that (hs,l;v) was observed for 30 hours, and the recorded pressure is an 
.average of the “infinite time’’ pressures derived from six experimental measurements 
taken between 24 and 30 hours. 


Liquid Bromochlorodifluoromethane — Vapor System 

In Table I are presented experimental values for the saturation vapor pressure, p2° 
International mm Hg, of liquid bromochlorodifluoromethane between — 100 and +10° C. 
In conjunction with the critical constants (9) the least-squares equation is derived, 


[1] logio p2” = —2106.200/T—12.25100 logis T+0.007417 7+38.47978 


which is valid in the range —100 to +154° C with 7° K = 273.16+2° C. In the third 
column are shown back-calculated values using [1], from which a standard deviation of 
+0.0635% is assigned to individual measurements. This error is unrealistically large for 
pressures between 366 and 1260 mm Hg and must be ascribed to inadequacy of the four- 
constant equation [1]. 

The normal boiling point derived from [1] is —4.01+0.01° C. A liquid molar volume of 
85 ml and a second virial coefficient of —722 ml, obtained respectively from the liquid 
densities (9, 10) and from the law of corresponding states (vide infra), lead to a com- 
pressibility factor of 0.9635, a heat content of vaporization of 5339+30 cal;s;/mole or 
32.28 cal/g, and a Trouton constant of 19.8 cal/deg-mole. The statistical heat capacity 
of the ideal vapor from Gelles and Pitzer (11) yield heat capacities of 17.2+0.1 and 
23.1+0.7 cal/deg-mole for the real vapor and liquid respectively at — 4.01° C. 
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Hydrate Molar Volume and Bromochlorodifluoromethane Second Virial Coefficient 

In the calculation of the thermodynamic functions for bromochlorodifluoromethane 
hydrate from the saturation data to be presented, a knowledge of the associated phase 
volume changes and the bromochlorodifluoromethane vapor imperfections is essential. 











TABLE I 
Vapor pressure of liquid bromochlorodifluoromethane 
t p2® obs. po calc. 
ee (Int. mm Hg) (Int. mm Hg) 
—95 .335 2.45 2.45 
—78.798 11.19 11.15 
— 45.305 110.29 110.28 
—21.531 366 .06 366 .55 
— 20.002 392.03 392.46 
—17.398 439.49 439.91 
—15.034 486 .39 486 .82 
—12.447 542.26 542.58 
—10.049 598.46 598 . 64 
— 7.455 664.05 664.29 
— 5.074 701 .64 701.71 
— 4.161 755 .85 755 .62 
— 4.078 758.14 758 .03 
— 3.957 761.71 761.58 
— 3.860 764.59 764.42 
— 2.080 818.57 818.16 
— 0.093 882.05 881.57 
+ 1.914 949 .98 949 .42 
3.909 1020.9 1020.8 
5.925 1097 .6 1097.1 
7.907 1177.0 1176.3 
9.890 1260.8 1259.8 
153 .8¢ 30770. 30800. 





“Critical point reference 9. 


The molar volumes of liquid water V," and of solid ice V,*! have been taken from the 
critical compilation of Dorsey (12), whilst the derived values for the hydrate molar 
volume V" and the bromochlorodifluoromethane second virial coefficient Bz are presented 
here. Taken in order ¢®° C, V™ ml/mole, Bz ml/mole; —20, 390.5, —816; —15, 391, —786; 
—10, 391, —757; —5, 391.5, —728; 0, 392, —701; +5, 392, —675; and +10, 392.5, —650. 
Values for V" have been calculated from the cubic lattice spacing a = 17.33 Angstrom units 
at 0° C, measured by v. Stackelberg et a/. (8, 13) for similar hydrates of CH2Cls, CHCls;, 
CCI.F2, and CCl;F, using a coefficient of expansion for hydrate assumed equal to the 
volume coefficient 8 = 153X10-* deg for ice (12). Values for B. have been obtained 
from an assumed similarity with the second virial coefficients of CCloF2 and CCI;F (14), 
invoking the principle of corresponding states as applied to the reduced second virial 
coefficients (15), using the bromochlorodifluoromethane critical constants (9), V. = 232 
ml/mole at tg = 153.8° C. 


Liquid Water — Liquid Bromochlorodifluoromethane — Vapor System 
The liquid water (1,) — liquid bromochlorodifluoromethane (l:) - vapor (v), (Iilev), 
three-phase system attains equilibrium at constant temperature according to the equation, 


[2] H,0 (1,)+CBrCIF: (12) = HO (v)+CBrCIF? (v) 


xy) x12 Pi(lilev) 
x2) X'2 po(lilev) 
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in which x,"! and x;"* are the mole fractions of component 1, water, in phases 1; and 12; 
x2"! and x2" are the mole fractions of component 2, bromochlorodifluoromethane, in 1, 
and lp; and pi(Iilev) and p2(l:l2v) are the component 1 and 2 saturation partial pressures 
for the (I:lev) equilibrium. Since x,'? ~ 10-* and x2"" ~ 10~ (vide infra), the experimental 
total pressure P(I,l2v) is accurately represented by the sum of the Raoult Jaw terms 


[3] P(lilkev) = pi(lilev)+pe(lilev) = pY+py xo” 

in which p;° x," is replaced by ,° for pure |. 

Rearrangement of [3], noting that x,'"*+x." = 1, vields 

[4] xy'? = [pi + p2°— PU bev)|/p” = 1— p.(lilev)/p2" 


from which the saturation solubility of water in liquid bromochlorodifluoromethane is 
derived. 

Calculation of x,"* from [4] requires values of p2° at temperatures corresponding to the 
(l;lev) measurements, and although equation [1] would appear suitable for this purpose 
its long temperature range and small number of constants make it a forcing equation, 
frum which the experimental p2° values show systematic deviations between — 21 and10°C. 
To provide a better representation of the experimental 2° values between 4 and 10° C, 
and a relation for p2(l:lev) between 9.4 and 10.4° C, the equations 


[6] logio po” = —1197.8701/7+7.332552+0.000070, 


shown with their standard errors, have been derived as best fits of the data presented in 
Table II, using a slope factor defined by [1] at 7° C. In the fourth column of Table II are 


TABLE II 
Solubility of water in liquid bromochlorodifluoromethane 








Po(lilev) p2° l2 





t 2 x1 
(~C) (Int. mm Hg) (Int.mm Hg) (X10) 
10.362 1279.99 8.8 
10.266 1275.65 9.8 
10.096 1268.51 7.5 
9.968 1263 .06 6.6 
9.906 1260.37 6.5 
9.890 -- 1260.79 =~ 
9.846 1257.70 a2 
9.773 1254.50 7.4 
9.766 1254.29 6.7 
9.589 1246 .65 6.7 
9.416 1239 .36 5.7 
9.412 1239 .28 4.9 
7.907 — 1176.97 — 
7.882 1175.15 4.9 
5.925 -- 1097 .60 -- 
5.910 1096.18 Ta 
3.909 —- 1020.90 





“Below 9.96° (lilev) metastable with respect to (hliv). 


shown values of x,'2, derived from fo(I,lev) and 2° from [6], on which there is a standard 
deviation +0.00021. At an average temperature 9.86° C, which is near to Q(hl,l:v) at 
9.96° C (vide infra), equations [5] and [6] yield x,' = 0.000707 +0.000165. 

Although no comparable solubility measurement is available for water in liquid 
bromochlorodifluoromethane, this value is of the same magnitude although slightly 
larger than the mole fractions 0.00029 and 0.00042 reported (16) for water in the similar 
dichlorodifluoromethane and trichlorofluoromethane liquids. 
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Hydrate — Liquid Water — Vapor System 

When the (1,]:v) system containing excess 1; is cooled below 10° C it becomes metastable 
with respect to the (hl,v) three-phase equilibrium, which is established according to the 
equation 


(7] CBrCIF2.2H,0 (h) = nH.O(1;) +CBrCIF; (v) 
pPi(hliv)  pe(hliv) 
xh Xe" 


in which a solid bromochlorodifluoromethane hydrate phase h coexists with a dilute 
aqueous solution phase and a vapor phase. At constant temperature the system becomes 
invariant and its total pressure P(hl,v) attains a saturation equilibrium value, often 
called the “hydrate vapor pressure’’. This total pressure is adequately expressed by the 
relation 


[8] P(hliv) = p1°+ pe(hliv) 
(cf. equation [3]) in which f2(hl,v) is the saturation partial pressure of 2 for the (hl,v) 
equilibrium. 

In Table III are shown values for /2(hl,;v) and back-calculated values from the relation 


[9] logio P2(hliv) = 9963.8593/T+144.056871 logis T—385.31498 


which has been derived by the method of least squares. The theory of ‘errors indicates a 
standard error of +0.0806% on individual pressure measurements which is significantly 


TABLE III 


Vapor pressure of bromochlorodifluoromethane 
hydrate with water 











t bo(hliv) po(hhiv) calc. 
re. (Int. mm Hg) (Int. mm Hg) 
9.9602 — 1262.6 
9.777 1213.2 1212.4 
9.244 1076.9 1076.7 
8.740 962.85 962 .67 
8.723 958 .33 958 .92 
8.255 864.41 864 .20 
7.779 776.58 777.49 
7.658 756 .32 756 . 87 
7.284 695 .50 696 .56 
6.772 620.70 621.72 
6.275 557 .39 556.86 
6.254 553 .49 554.26 
5.764 498 .09 497 .24 
5.757 496 .89 496 . 46 
5.273 446 .05 445 .98 
5.264 445.17 445 .08 
4.764 398 .61 398 .45 
4.267 356 .97 356 .97 
3.773 320.34 320.03 
3.270 286 . 44 286 .37 
2.767 256 .25 256 . 26 
2.268 229 .47 229 .54 
1.766 205 .43 205 .49 
1.256 183 .54 183 .64 
0.755 164.43 164.47 
0.244 146.98 146.97 
0.235 146.71 146.68 
0.092 142.30 142.14 
0.023 139.96 140.00 
0.019 139.80 139 .87 
0.013 139.69 139.68 

—0.001,° 139.18 139.25 





@ = Q(hlilev). © = QO(hsiliv). 
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larger than the precision of +0.02 mm on the pressure measurement. At low pressures the 
standard error derives approximately equally from pressure measurement and effect of 
dead space, whilst at higher pressures the error is predominantly due to lack of attainment 
of equilibrium through diurnal temperature variation of the dead space. 


Hydrate-Ice—Vapor System 
When the (hliv) system is cooled below 0° C all excess 1, freezes to give a solid ice phase 
s, and the (hs;v) equilibrium is then established according to the equation 


[10] CBrCIF2.nH.O(h) = nH,O(s:) +CBrCIF: (v) 
pPilhsiv) = p2(hsiv). 


At constant temperature the total pressure P(hs;v) attains a constant saturation value, 
equal to the sum of p2(hsiv) and f;(hs,v), of which the latter is the saturation sublimation 
pressure of ice (12). 

In Table IV are presented values for p2(hsiv) between 0 and —20° C which are repre- 
sented by the equation 


[11] logio Po(hsiv) = —1809.4253/T+0.034379 logio T+8.68372 


with a standard error of +0.0860% on single pressure determinations. In the third column 
- of the table are shown back-calculated values for p2(hsiv) from [11] using the experimental 
temperatures. Although few experimental values are given, each result represents multiple 
determinations approaching equilibrium from pressures above and below the saturation 
value. 
Quadruple Points 
In the present two-component system the end points of the (hl,v) stability range at 
approximately 10 and 0° C are the respective invariant quadruple points Q(hlil:v) and 
Q(hsiliv), corresponding to the equilibrium coexistence of the four-phase systems 
(hl,lev) and (hsjliv). 
The cut of the (Iilev) and (hliv) three-phase lines (equations [5] and [9]) defines 
Q(hi,lev), with po(hlilv) = 1262.65+0.58 mm Hg at ¢(hlilv) = 9.96+0.03° C, above 
which temperature the hydrate cannot exist in the presence of a vapor phase. Q(hl,lev) is 


TABLE IV 


Vapor pressure of bromochlorodifluoromethane 
hydrate with ice 











t po(hsiv) po(hsiv) calc. 
<) (Int. mm Hg) (Int. mm Hg) 
— 0.001,° 139.18 139.13 
— 0.292 136.79 136.87 
— 1.083 131.06 130.92 
— 5.066 104.15 104.23 
— 10.067 77 .548 77.518 
— 15.070 56.991 56.990 
—19.993 41.606 41.608 





> = Q(hsiliv). 


sometimes called the ‘‘hydrate critical point’’ which is a misnomer since, although this 
point is located at the highest temperature of coexistence of phases h and v, it does not 
necessarily represent the highest temperature at which hydrate can exist under hydro- 
static pressure in the absence of a vapor phase (17). 
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Direct experimental determination of the invariant point Q(hs,liv) has been made 
through kinetic analysis of the total pressure change observed during the isothermal 
phase reaction (hs;v) — (hliv). These experiments gave a total pressure P(hs,l;v) = 
143.757+0.010 mm Hg or fo2(hsiliv) = 139.181 mm Hg. Substitution of this value for 
p2(hsil;v) into equations [9] and [11] yields the temperatures —0.003,5° and +0.006;° C 
respectively for the four-phase point, whilst the intersection of the (hl:v) and (hs;v) 
curves (equations [9] and [11]) gives —0.006,° C. On consideration of the lack of agree- 
ment of these three results, on which there are standard errors of +0.005° C, the experi- 
mentally determined four-phase temperature is taken as their mean —0.001,+0.005° C. 
Quantitative analysis of the 1, phase at the termination of the experiment showed the 
presence of halogen acids depressing the experimental four-phase point by 0.001,° C, 
from which the true quadruple temperature ¢t(hs,l;v) = 0.000+0.005° C. 


Solubility of Bromochlorodifluoromethane in Water 

The triple point of water (12), corrected for hydrostatic pressure, taken in conjunction 
with Q(hsil,v) at 0.000+0.005° C indicates a freezing point depression of 0.0084+0.005° C 
due to a mole fraction x2'"' = 8.2X10-, which yields a Henry’s law constant 
Hy = po(hsiliv)/xe"! = 1.741.0X 10° mm Hg at 0°C for the solubility of bromochlorodi- 
fluoromethane in water. No other solubility determination is available for direct compari- 
son, but the present value compares favorably with 4.1X10® mm Hg for dichlorodi- 
fluoromethane at 0° C extrapolated from the work of Parmelee (18). If it is assumed that 
the heat functions for the solubility of component 2 in 1, are the same (3) as those for 
dichlorodifluoromethane (18), the temperature variation of H2 in mm Hg is expressed by 


[12] logio Hz = —10920/T—72 logio T-+221.6298. 


This equation is used to evaluate the solubility correction terms in [18]. 

Quantitative analysis of bromide and chloride ion concentration in phase |,, by the 
mercuric nitrate — diphenyl carbazone method, showed hydrolysis of a mole fraction of 
1.72X10-* of bromochlorodifluoromethane over a period of 124 days, from which an 
upper limit of 2X10~® (sec~) is set on the first-order velocity constant for hydrolysis of 
dissolved aqueous bromochlorodifluoromethane at 0° C. 


Thermodynamic Functions for Hydrate Phase Reactions 

Scheffer and Meyer (19) first indicated the exact use of the Clapeyron equation for 
obtaining the heat changes along the (hs;v) and (hl,v) saturation lines making due allow- 
ance for the small attendant vaporization heats of ice and water and solution heat of 
hydrate-forming gas. These workers, however, restricted their consideration to heat 
changes, being primarily interested in determination of the hydrate formula number 
(vide infra, equation [23]). Here, in uniformity with modern usage, it was deemed 
desirable to indicate the systematic incorporation of correction terms necessary in obtain- 
ing other thermodynamic functions from hydrate equilibrium line data, and to define 
standard states in a manner convenient for comparison and conjunction with existent 
thermochemical tabulations. In this and other work the standard thermodynamic 
functions refer to condensed phases at 1 normal atmosphere pressure and to gaseous 
phases at 1 atmosphere fugacity; these standard functions are denoted by the usual 
superscript zero followed by a characteristic indication of phase. Standard changes of 
thermodynamic functions are represented in the normal way except that the phase 
reaction direction is included in parenthesis. 
Consider the (hl,v) equilibrium for which G:, Gz, and G" are the respective molar free 
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energies of components | and 2 and of h throughout the system at absolute temperature T 
and total saturation pressure P(hl,v). At equilibrium, the molar free energy change for 
[7], denoted by AG(h —],v), is given by 


[13] AG(h— |v) = nG,+G,.—G" = 0 

in which the individual molar free energy terms are defined by 
[14] Gi = GY"+RT In x1"+[P(hhiv) —1)Vi", 
{15] G2 = G2°°+RT In po(hliv) + 2(hliv) Be, 
and 

[16] G® = G"+([P(hliv) —1]V". 


In [14] and [16] G,°" and G°" are the free energies for the condensed phases of pure 1; and 
of h at 1 atmosphere pressure, whilst G,°” is the free energy for an ideal gaseous component 
2 having a fugacity of 1 atmosphere. Substitution of [14], [15], and [16] into [13] with 
replacement of RT In x1" by —RTp2(hliv)/H: yields 


[17] —AG*(h—1],v) = RT In po(hliv)+RT In y(hliv) 
with 
[18] RT In y(hliv) = po(hlyv)[B2e—nRT/H2|+[P(hlyv) — 1][n Vi" — V"] 


where AG°(h — 1,v) is the standard free energy change at 1 atmosphere for reaction [7] 
and y(hl,v) is the over-all reaction activity coefficient. 
A similar treatment applied to the (hs;v) equilibrium yields the parallel relations 


[19] —AG(h—s,v) = —(nG,°"!+G,°"° —G°") 
RT In po(hsiv)+RT In y(hsiv) 


and 
[20] RT In y(hsiv) = po(hsiv)Bo+[P(hsyv) —1][nVi"— V4] 


in which AG°(h — s;v) is the standard free energy change for reaction [10] and y(hs;v) 
is the corresponding reaction activity coefficient. 

In order to evaluate [18] and [20] m must be determined; the hydrate structural work of 
Claussen (4) and of v. Stackelberg (8, 13), together with the uncorrected heat content 
changes derived from [9] and [11] taken in [23], indicates that » = 17 for bromochlorodi- 
fluoromethane hydrate. With this preliminary value for , y(hl,v) and y(hs,v) are calcu- 
lated at each experimental temperature and the po(hliv).y(hliv) and pe(hsiv).y(hsiv) 
terms (atmospheres) evaluated. The common logarithms of the reaction activity functions 
are fitted by the method of least squares to yield 


[22] logio po(hsiv) -y(hsiv) =o- 1876 .5722/T —0.607407 logio T+ 7.61080 


from which the standard thermodynamic function changes are derived. 

In Table V are presented the thermodynamic functions at 273.16° K for (h—>l,v) and 
(h—s,v) derived from [21] and [22] using the gas constant R = 1.986467 cal.;/deg-mole. 
The quoted limits of error are standard errors including variances from random error, 
solubility error, and a 5% uncertainty on the second virial coefficient. Although the free 
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energy, heat content, and entropy terms at 273.16° K are only slightly affected by 
variation of solubility and compressibility corrections, ACp°(h —1,v) is a sensitive function 
depending strongly on these corrections (cf. coefficients of logio T in [9] and [21]), the 
errors on which contribute more than half the standard error quoted. The standard error 
on ACp*(h — s,v) is reduced, although based on fewer points, since this function is derived 
from lower pressure data independent of any solubility correction. 

Derived indirectly from the heat content change relation 


(23] AH%(h > 1,v) —AH%h— s,v) = nAH%(s; > 1,) 


in which AH°(s;—I,) is the heat of fusion of water (12) (1435.7 calis/mole at 273.16° K); 
the hydrate formula number 1 is found respectively at —5, 0, and +5° C to be 16.99, 
16.94, and 16.90+0.34 within a 90% confidence limit of error. 


TABLE V 
Thermodynamic functions for CBrCIF,.17H2O at 273.16° K 











(h > hv) (h > siv) 

AG® cal/mole 923 .3+40.5 923 .3+0.5 
AH? cal/mole 32,567 +70 8,254+29 
AS® cal /deg-mole 115.8+0.3 26.8+0.1 
ACPp* cal/deg-mole 138.6+10.9 —1.2+5.9 
17.S,° '1+-.S,°v 332 .4+0.3 17.S,9 1 +S2°¥ 243.1+0.3 
S°h cal/deg-mole 216.6+0.4 S°» cal/deg-mole 216.2+0.3 
17Cp,°'1+Cp.°¥ 324.9+0.1 17 Cp,° *1 + Cp2° ¥ 165.9+0.1 
Cp®* cal/deg-mole 186.3+10.9 Cp® » cal/deg-mole 167.1+5.9 

d(17Cp,° 1+ Cpe ¥) /dT 0.60+0.01 

d(Cp°)/dT cal/deg?-mole 1.29+0.83 





The hydrate standard entropy values presented are derived from Gordon’s (20) 
spectroscopic entropy for water and from Gelles and Pitzer’s (11) spectroscopic values for 
bromochlorodifluoromethane with n taken as 17.00. The two values of Cp®" quoted are 
strictly mean values at 278.05 (h > 1,v) and at 263.16° K (h—s,v) and are derived from 
the properties of the pure components (11, 12, 20) at these temperatures. 


DISCUSSION 


The experimental value determined for » between —5 and +5° C for the present 
hydrate is equal to the ideal crystallographic value of 17 given by Claussen (4) and by 
v. Stackelberg (8, 13) the deviation being well within the 90% confidence limit of error. 
It had been expected that this work would show a possible significant deviation of 1 
greater than 17, similar to the deviations discussed by Platteeuw and van der Waals (6) 
for the gas hydrates (Structure I) of small molecules: this, however, is apparently not the 
case for bromochlorodifluoromethane hydrate (Structure II). 

The thermodynamic functions for the (h —s;v) reaction are somewhat remarkable in 
their similarity with those for normal liquid evaporation, in spite of the complex nature 
of the hydrate decomposition process involving an environmental change of 17 moles of 
hydrogen-bonded lattice water. With our present structural knowledge of the hydrogen- 
bonded gas hydrate lattices (Structures I and II) the simplest interpretation of this 
similarity, always assuming that it is not fortuitous, is that the thermodynamic functions 
for the water within the hydrate lattices are little different from ice, whilst those for 
hydrate-former escape are comparable with liquid evaporation. Notwithstanding the 
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differences, the analogy is further extended on recognition that the hydrate-former leaves 
a confining cell of high and nearly spherical symmetry, whereas in liquid evaporation the 
escape is from a cell with statistical spherical symmetry. 

On the assumption of identity of the water functions, AH°(h — s,v) gives a direct 
measure of the over-all attractive energy of the hydrate-former with its lattice, primarily 
arising from interaction with its immediate 28-member water co-ordination shell and to a 
smaller extent with more distant water and hydrate-former neighbors. Consideration of 
the force field exerted at the hydrate-former by the hydrogen-bonded water co-ordination 
shell shows that the attractive energy derives predominantly from central fields of the 
a@;-a2 dispersion type on which a smaller u2—a; induction effect is superimposed. The 
angularly dependent u:i—42 orientation and y;—az induction effects do not arise because 
of high co-ordination shell symmetry and water dipole neutralization through hydrogen 
bonding, which reduces y; to zero or toa higher multipole. For such a model it is reasonably 
expected that the nearly spherical bromochlorodifluoromethane hydrate-former should 
rotate classically within the approximately central force field of its water co-ordination 
shell, and that the interaction energy should be accurately calculable from theoretical 
considerations. 

As early as 1902 de Forcrand (21), toevaluate AH(h —s,v) for a number of unmeasured 
hydrate-formers, used an empirical gas hydrate entropy rule similar to the Trouton rule 
for liquids. Recently v. Stackelberg (22) demonstrated that AS°(h — sv) at 0° C was 
approximated by the entropy of sublimation of the hydrate-former, ascribing a constant 
value of 22 cal/deg-mole; agreement with experimental data, however, was only moderate. 
Platteeuw and van der Waals (6) pointed out the failure of a constant valued AS*(h — s,v), 
and in their partially occupied lattice treatment, based on the Lennard-Jones and Devon- 
shire cell model, achieved better agreement with experiment. 

Here analogy is maintained with liquid evaporation as in the v. Stackelberg approxi- 


mation (22) and AS°(h — s;,v) is taken as an evaporation entropy term plus a further R In e— 


for the lack of communal entropy in the hydrate. However, the evaporation entropy term 
is not considered to be constant, but rather a function of hydrate former molar volume, 
which is geometrically related to the hydrate-former free volume within its nearly 
constant-volume co-ordination shell. Figure 1 illustrates such a relationship for the small 
molecule (Structure I) and large molecule (Structure II) gas hydrates, for which 
AS°(h — s:v) at 0° C has been plotted against V, the hydrate-former molar volume at the 
normal boiling point. From the figure it is immediately apparent that the hydrates fall 
into two distinct groups which present linear and parallel entropy change — volume rela- 
tionships running over the range 22-27 cal/deg-mole. Furthermore, the hydrate-formers 
smallest with respect to their co-ordination polyhedra, H2S, CH, (Structure I), and CH;lI 
(Structure II), all present AS°(h — s;v) values near to 22 cal/deg-mole, whilst the relatively 
larger hydrate formers C.Hs, CH;Br, and CBrClF2, associated with smaller free volumes 
within their confining polyhedra, present larger values of 27 cal/deg-mole. The only real 
anomaly for the Structure I hydrates is the large entropy change for sulphur dioxide 
which might arise from specific interaction with its water co-ordination shell. For the 
Structure II hydrates the position of ethyl chloride is unexpectedly high, but here an 
experimental uncertainty of +3.5 cal/deg-mole on the entropy change could cover the 
discrepancy. 

On the basis of stoichiometric hydrate formulae, using a simple, smoothed potential, 
hard sphere, free volume model, similar to the Eyring and Hirschfelder (23) treatment of 
liquids, and on the assumption that the thermodynamic functions for the hydrate lattice 
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water remain unchanged irrespective of hydrate-former size, it can be shown that two 
different cavity sizes should give rise to two linear and parallel AS°-V relations, similar to 
those shown in Fig. 1, for hydrate-former, hard sphere volumes between 3 and 73% of the 
cavity volume. 
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Fic. 1. Entropy change — volume correlation for gas hydrates. 











-Key Error on AS*%(h—siv) Source Key Error on AS°(h—s;v) Source 
:. H.S +0.7 Ref. 19 7. CH;Br +3.7 Ref. 26 
2. CH, +0.7 Ref. 25 8. CH;lI +1.8 Ref. 26 
3. Cl. +1.8 Ref. 26 9. C3Hs +0.7 Ref, 25 
4. SO, +1.1 Ref. 26 10. C.H;Cl +1.8 Ref. 26 
5. Bre +1.5 Ref. 26 11. CBrCiF, +0.1 This work 
6. C2H¢ +0.7 Ref. 25 











Molar volumes at normal boiling point from International Critical Tables. McGraw-Hill Book Co., Inc., New York. 1933. 


Consideration of the hydrate heat capacity is made on the basis of Pople’s (24) 
theoretical analysis of the kinetic and potential energy terms contributing to the specific 
heat of a classical cell model liquid, as applied to the hydrate former within its co- 
ordination shell. If this analysis is used, assuming that the internal degrees of bromo- 
chlorodifluoromethane remain sensibly unchanged in the hydrate and that the lattice 
water has the same heat capacity as ice, ACp°(h — sv) is given by R(7/2—9/2 or 7/2— 
10/2), ie. —2 or —3 cal/deg-mole, which is in agreement with the experimental value. 
The error on the measured value is too large to consider the agreement better than satis- 
factory, but it should be considered that a variation of +0.5 cal/deg-mole per hydrate 
water mole would change the experimental ACp°(h — s;v) to +6 or —10cal/deg-mole. It is 
thus possible to state that, assuming the bromochlorodifluoromethane hydrate-former to 
behave as a classical rotator, the heat capacity of the hydrate lattice water does not differ 
from that of ice by more than +0.3 cal/deg-mole, or alternatively assuming that the 
lattice water heat capacity is identical with ice, the hydrate-former behaves as a classical 
entrapped rotator within its co-ordination shell. With the second statement the increase 
of AS°(h — s;v) will derive mainly from reduction of translational free volume within its 
co-ordination shell, as implied by Fig. 1, rather than from increased hindered rotation. 

Although not of great absolute significance the value of d(Cp® ")/dT is positive indicat- 
ing experimental consistency, and within experimental error is comparable with that of 
its components. 
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GLOSSARY OF SYMBOLS 


Component 1, water: 
1, liquid water phase 
s, solid ice phase. 
Component 2, bromochlorodifluoromethane: 
l, liquid bromochlorodifluoromethane phase 
h solid gas hydrate phase 
v vapor phase. 
x,"" mole fraction of component 1 in phase |. 
x2"! mole fraction of component 2 in phase |). 
x,'2 mole fraction of component 1 in phase 1». 
x2' mole fraction of component 2 in phase I». 
(lev) three-phase system consisting of 11, lz, and v. 
(hs,l;v) four-phase system consisting of h, si, 11, and v. 
p;° and p.° saturation vapor pressures of pure components | and 2 respectively. 
P(lilev), P(hliv), and P(hs,v), equilibrium total pressures exerted respectively by (llev), 
(hl,v), and (hs,v). 
Pi(lilev), pi(hliv), and p,(hsiv), component 1 partial pressures exerted respectively by 
(l,l:v), (hliv), and (hsv), in all cases taken equal to p;°. 
po(lilev), po(hliv), and po(hsiv) = P(lilev)—pi°, P(hliv)—p:°, and P(hsiv) —p,;°, com- 
ponent 2 partial pressures exerted by (lilov), (hliv), and (hs;v) respectively. 
Q(hl,l.v) and Q(hsiliv) invariant points for (hlilzv) and (hsjliv). 
Hy» Henry’s law constant for solubility of component 2 in |. 
B,z second virial coefficient of gaseous component 2. 
X,, X2, and X", molar thermodynamic property X of components 1, 2, and of gas hydrate. 
X,° "and X,° ", standard molar thermodynamic property X of component 1, as pure 1, 
and s; at 1 atmosphere pressure. 
X°®", standard thermodynamic property X of h at 1 atmosphere pressure. 
X,.°*’, standard thermodynamic property of component 2 as vapor at 1 atmosphere 
fugacity. 
AX (h—l,v) and AX(h—s,v), molar thermodynamic property change for reactions in the 
direction (h—1,v) and (h—s,v) respectively. 
AX%h—liv) and AX°(h—s,v), molar thermodynamic property change for respective 
phase reactions with reactants and products in standard states. 
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SOME DEUTERIUM ISOTOPE EFFECTS 
I, WATER SOLVOLYSIS OF METHYL-d; ESTERS! 


J. A. LLEWELLYN,’ R. E. ROBERTSON, AND J. M. W. Scott? 


ABSTRACT 


The a-deuterium isotope effect has been examined for the solvolysis of a series of esters 
containing a fully deuterated methyl group. The possible sources of the effect have been 
divided into ‘‘thermodynamic”’ effects which appear to favor more rapid reaction of the 
protium compound and “zero point”’ effects where stiffening of out-of-plane vibrations may 
account for the direction of the observed isotope effects. It appears that the inverse isoto 
effect may be a measure of the spatial restrictions placed on the hydrogen atoms on the 
carbon atom in the activated complex. 


The substitution of deuterium for a-hydrogen in alkyl halides and substituted sulphon- 
ates has been shown to produce varying effects on reaction rates. Thus the solvolysis of 
methyl p-bromobenzenesulphonate in methanol and the reaction with methoxide ion are 
accelerated by a-deuteration (1). Isopropyl bromide reacting with ethoxide ion is appar- 
ently unaffected by this substitution (2), and phenyl ethyl toluenesulphonate solvolyzes 
in formic acid at a reduced rate when isotopically substituted at the a-hydrogen (3). 
Johnson and Lewis systematized these changes, suggesting that they were the con- 
sequence of the sensitivity of the C—H bending vibrations to the presence of entering and 
leaving groups and noted a decrease in the isotope effect, ky/kp, with increasing necessity 
for nucleophilic attack from the rear (1). From information available at the time they 
were unable to choose between several possible sources for the inverse isotope effect 
observed for methyl esters. 

Streitwieser and co-workers (4) have observed a reduction in the acetolysis rate for 
cyclopentyl p-toluenesulphonate following a-deuteration. They have attributed this to 
the change in vibrational frequencies involving the a-hydrogen, produced by the difference 
in hybridization between initial and transition states, together with the effect of the 
leaving group which was postulated to stiffen the out-of-plane vibrations of use hydrogen. 

Thus there appear to be three factors for consideration in assessing the zero-point 
contribution to the change in rate for nucleophilic displacements caused by a-deuterium 
substitution. These factors are: (a) the effect of the incoming group, (d) the effect of the 
leaving group, and (c) the change in hybridization. 

Factors (a) and (0) will be related, inasmuch as bulky entering or leaving groups will be 
expected to stiffen the out-of-plane C—H bending modes. This effect will be modified by 
distance, but clearly, stiffening will increase the disparity in the energy levels of deuterium 
and hydrogen compounds in the transition state, and will produce changes tending to 
reduce the free energy of activation for the deuterium compound, compared with that of 
the protium compound. Reactions having the highest degree of nucleophilic interaction 
with large entering groups will presumably have the most stiffening. 

The change in hybridization will also affect the characteristic frequencies but presents 
a problem in that even a qualitative decision concerning the effect is not simple. If we 
examine the force constants for molecules which can be considered to have C—H bonds 
analogous to those in the transition state, then we have a choice from a fairly wide range 


' Manuscript received September 23, 1959. 
Contribution from the Division of Pure Chemistry, National Research Council, Ottawa, Canada. 
Tssued as N.R.C. No. 5493. 

2 National Research Council of Canada Postdoctorate Fellow. 
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of values. Added to this is the difficulty of deciding the hybridization of the transition 
state. If we reject the idea of an intermediate for the Sy2* reaction, the transition state 
will probably have three C—H bonds as spf* hybrids with entering and leaving groups 
interacting with the remaining p orbital.‘ The transition state of the Syl reaction will 
presumably occur before complete flattening of the carbon center linkages has occurred, 
and it might be considered that the C—H bonds are in a state between sp’ and sp? with 
structure closer to tetrabedral when internal charge stabilization is more effective. Lower 
degrees of internal stabilization will mean that transition state C—H bonds are probably 
closer to sp? hybridization (6). From an examination of the force constants it appears that 
the stretching constants increase and bending constants decrease when hybridization 
changes from sp’ to sp”, although this is not invariably so. Some crude calculations which 
we have made indicate that the consequences of decreasing bending constants may out- 
weigh the increase in stretching constant in terms of the zero-point energies, so that the 
change favors more rapid reaction of the protium compound. Since the hybridization 
change is most marked in the Sy2 reaction the effect should be pronounced in this case, 
but it will be offset by the closeness of the stiffening entering and leaving groups. 

In the course of the present work we have examined the effect of deuteration on the 
reaction rates of a series of methyl esters solvolyzing in water (Table I). In the discussion 


TABLE I 
Rate data illustrating effects for methyl compounds hydrolyzing in water 














CD; CH; 
x (k sec) (k sec) Cc ku/kp 
p-Methyl benzenesulphonate 9.75X10-* 9.33 10-* 70.05 0:96 
9.7310 9.25 10-* 
9.72X10~ 9.36 10-* 
Chloride 5.49 X 10-* 89.995 
5.46 10-* 
5.49X10-* 
5.47 X10-5(18) 
5.811075 5.38X 1075 (18) 89.794 0.92 
5.84 10-5 
5.88X 10-5 
Bromide 2.99X10-4 2.70 X10-* (18) 79.94 0.90 
2.99 10-4 ; 
Iodide 3.241075 2.82 X10-* 70.05 0.87 
3.24X10-> 2.81 X10-* 
2.800 X 10-5 (18) 
Nitrate 3.396 X 10-5 3.109 X 10-* 100.005 0.92 
3.399 X 10-5 3.109 X 10-* 
3.400 X 10-5 3.122 X10-* 
3.105 X10 (24) 
Methane sulphonate 2.398 X 10-4 2.257 X10-* (26) 60.067 0.96 
2.382 10-4 
2.390 X 10-4 
Methoxy sulphonate 1.616 10-4 1.572 10-* 24.64 0.97 
1.616X10-* 1.569 X 10-* 


1.59X10~* (26) 








*Values to check previous results. See experimental section. 


preceding this section it has been assumed that the only effective term in isotopic rate 
changes is the difference in zero-point energy change produced by the deuteration, but for 
the simpler esters and especially the methyl halides, this is not the case and other factors 


3The molecularity refers to the number of molecules undergoing covalent change and completely neglects the 
solvating molecules (6). 

‘The four original sp* hybrids become three coplanar A hybrids and the remaining p orbital combines with 
entering and leaving groups to give three M.O.’s two of w 


ich contain the four available electrons. 
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must be considered. The problem of the alteration in reactivity for gas phase reactions 
has been dealt with extensively by Bigeleisen and co-workers (7). We have not adopted 
this treatment for our discussion because we are not sure of its application to reactions 
occurring in the liquid phase although other workers have made use of it as a basis for 
discussion (8, 4). We feel that discussion on a more naive basis simplifies calculation of the 
effect of different models. Difficulties arise over the nature of the partition functions to 
be used in the description of the liquid systems, especially with respect to the transition 
state. Melander (9) uses the normal transition state equation with an added factor 
a/a* to compensate for the altered chemical potentials in the solution. This activity 
coefficient ratio is then considered as an increment (AF= ) to the free energy of activation. 
If a solute is strongly solvated, as in an ionic transition state, the alteration in chemical 
potential will be large and negative, and the stronger the interaction with the solvent the 
less will be AF*, so that reaction will be promoted for the species which is most strongly 


H 
‘ of 


H 
hydrogen bond, and the maximum value for this alteration would be the difference be- 
tween hydrogen bonds involving deuterium and, hydrogen in water. 

Because of this difficulty we have proceeded by assessing the differences in the initial 
state of reaction, assuming that the gas phase differences which are calculated will be 
retained in the solution. Some justification for this is contained in a discussion of the 
nature of the solution. The free energy of the solution process may be considered in terms 
of the solute-solvent and solvent-solvent interactions. When a non-polar molecule is 
dissolved in water there is, in general, an increase in solvent-solvent interaction in the 
immediate vicinity of the solute, and the solute may be regarded as occupying a cavity in 
the solvent. The energy changes resulting from this process are more dependent on the 
properties of water than on those of the solute, and within a series, for example, alkanes, 
alkyl halides, alcohols, the free energy of solution is sensibly constant. Changes in 
enthalpy and entropy of solution oppose each other within the series and appear to be 
largely dependent on molecular volume so that the changes resulting from isotopic 
substitution would be expected to be negligible in the initial state. If we assume that the 
solute molecule rotates freely in the cavity in the water structure, and that the principal 
effect of solution is a reduction in the free volume available for translation, we arrive at 
the same conclusions. By factorizing the partition function into translational, rotational, 
and vibrational terms and making use of the relationships between the partition function 
and the thermodynamic properties, the following equations may be derived to represent 
the influence of isotope change on the initial state. 


solvated in the transition state. A model for this interaction would be the C—H- 


Translation 
6F/T = 6.8635 log Mp/ My cal/mole deg 


(4 = mass of compound in a.w.u.). 6 is used to denote changes produced by isotopic 
substitution, and suffix D refers to the deuterium compound. 


6H = 0 


Rotation 
6F/T = 2.2878 log (ABC)p/(ABC), cal/mole deg. 


éH = 0 A, B, C, moments of inertia. 
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Vibration 
There will be a thermodynamic contribution, and an additional contribution from the 
decrease in zero-point energy. The thermodynamic terms will be: 


“r = 1.9872 (x In (1—e*™>*")— > In (etn?) ) 


6H hewn hewn ) 
= 1.9872 ( — j 
ff - RT (°° “8 "*? — 1) \ # kT(e “D7? — 1) 


The zero-point change will affect free energy and enthalpy in the same way and will be 
Y shewg — Dd $hcwp where wy and wp are the frequencies of the fundamental modes in wave 
numbers per cm for the two isotopic species. 

Calculations for methyl halides yield the values in Table III from the data in Table IT. 
For more complex molecules the following considerations will apply. 





TABLE II 


Data for calculation of initial state differences 








Moments of inertia (a.w.u./A) 








Compound Mass(a.w.u.) A B=C 
CH;Cl* 50.5 3.31 38.48 
CD;Ci* 53.5 6.62 47 .36 
CH;Br_ (19) 94.9 3.313. 53 .07 
CD;Br_ (19) 97.9 6.625 66.85 
CH;I (20, 21) 141.9 3.31 67 .34 
CD;I (20, 22) 144.9 6.62 83.65 





*Calculated from values of: Miller, S. L., Aamodt, L. C., Dousmanis, A., Townes, C. H., 
and Craitchman, J. J. Chem. Phys. 20, 1112 (1952). Bvalue for CH3Cl is in agree- 
ment with that of Gelles, E. and Pitzer, K.S. J. Am. Chem. Soc. 75, 5259 (1953), and a 
value given by Moelwyn-Hughes, E. A. Physical chemistry. The Pergamon Press, Ltd., 
London. 1957. p. 499, but disagrees with that given by Herzberg (ref. 12, p. 437). 


TABLE III 
Initial state differences calculated from data in Table II 








Compound _ Translational éF _—_Rotational 6F 





CH;Cl 56 378 
CH;Br 32 394 
CHI 21 384 





(a) Deuteration will have little effect on the mass so that translational terms will be 
virtually unaffected. 

(b) The moments of inertia will also be little affected by isotopic substitution so that 
rotational free energy will be unchanged. Deuteration will double the moment of inertia 
of the CH; grouping about a central axis perpendicular to the plane of the hydrogens, so 
that the possibility of contributions from internal rotation must be examined. A crude 
estimate may be made by considering the CH; group to be rotating with respect to a large 
mass (as in the p-toluenesulphonate ester). 

The partition function for free rotation about a bond is 


8x°IkT)? 
g- ~— 


where J, is the reduced moment of inertia for the system and o the symmetry number. 
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For symmetrical coaxial tops, with moments of inertia 7, and Ig 
I, = (IaIp)/(LaT) 
(this is obviously a crude approximation for the system being examined) 


F = —-RTInQ 
6F = RT ila Qp/Qu = 4RT In Iw) I -aa) 


identifying CH; and CD; in turn with J, 


RT Tous (Jen; + J) 


5F = 
2 Icps(/cus+Js) 





when Ip > Igy; 


which will be about —238 cal/mole at 343° K. 

In most cases the inequality above does not hold and rotation will not be free so that 
this value will be considerably reduced. More accurate assessment is probably not possible 
even if the height of the potential barrier hindering rotation was known (10). In the 
transition state the charge development may also hinder rotation despite the extension 
of the ester linkage and the net contribution to 6AF* will be the difference between two 
very small terms so that we feel justified in neglecting this issue. 

The thermodynamic contribution of the vibrations is small so that inaccuracies here are 
probably unimportant, but the zero-point energy differences are the largest factor in the 
initial state differences so that this will be the principal source of error. The fundamental 
frequencies of the methyl and deuteromethy] halides have been established and using the 
values of Table IV the free energy and enthalpy changes have been calculated. From 











TABLE IV 
Fundamentals for methyl halides (cm~) 
Degeneracy CH;CI (12) CD;C1 (19) CHs;Br (19) CD;Br CHslI (20) CDs3I (20) 
v1 (1) 2966 2161 2972 2157 2975 2135 
v2 (1) 1355 1029 1365 993 1252 948 
v3 (1) 732 695 611 578 533 493 
% (2) 3042 2286 3057 2293 3061 2285 
Ys (2) 1455 1058 1444 1056 1449 1070 
6 (2) 1015 ¢: a 955 712 882 665 





these calculations it appears that initial state conditions strongly favor more rapid 
reaction of the protium compounds, although it is of interest to note that the thermo- 
dynamic enthalpy difference favors more rapid reaction of the deuterium compound by 
about 200 cal/mole for the alkyl halides. 

In order to evaluate the consequences of isotopic substitution in the transition state, it 
is necessary to postulate a model or models for the calculation. The Sy1—Sy2 classification 
of the reaction will provide information concerning covalent interaction between the 
solvolyzing ester and a specific water molecule acting as a nucleophile, but will not 
specify the transition state. The experimental observations show that AH*, the enthalpy 
of activation, varies with temperature and this is interpreted as a consequence of the 
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change in heat capacity® on passing from initial to transition state. For many reactions 
this. change does not appear to be readily detectable and in this case, it is largely attribut- 
able to the changes in the water molecules in the immediate vicinity of the reaction 
substrate. Current ideas suggest that these molecules are ordered (compared to the bulk 
of the water) in the initial state and less ordered (compared to the bulk of the water) in 
the quasi-ionic or ionic transition state. The magnitude of the heat capacity change 
suggests that more than one water molecule is involved in this disordering process (11, 18). 
Because these molecules have effect in determining the value of the heat capacity of the 
transition state it is not possible to disregard their presence in the calculations of the 
changes produced by isotopic substitution. For the evaluation of the thermodynamic 
changes caused by alterations in mass, a model containing a single water molecule will 
provide us with a maximum value and it may be stated with reasonable confidence that 
these contributions will actually be smaller. Proceeding on this basis a series of calcula- 
tions reveal that the effect of mass increase on the translational contribution to 6F* 
produces changes, which considered with the initial state values of 6F, have very small, 
almost negligible, contributions to 6AF*. The calculations for the effect of rotational 
contribution alterations were made for a series of models using different C—O, C—X 
distances, with the methyl hydrogens coplanar and carbon set at the C—H distance in 
ethylene (corresponding to sp? hybridization). The calculations indicated that alteration 
over a reasonable range of configurations did not seriously affect the outcome which 
showed 6A F* again in favor of the more rapid reaction of the protium compound. In the 
discussion of the initial state the possibility of internal rotation was considered and it 
appears that if a partial bond between carbon and oxygen has occurred, this effect may 
arise. Because of the symmetry of the system the potential energy will not be sensitive to 
the orientation of the two rotors CH; and H,O and it seemed that for the case of the 
methyl halides, where the anionic moiety would have no moment of inertia about the 
internal axis, there might be an appreciable contribution. The model in Fig. 1 was 


oe 
yok’ ee: 
o 


Fic. 1. Transition state model used for calculation of internal rotation contributions. O—H, 0.955 A 
HOH 105°6’; C—H, 1.071 ACH; coplanar; C—O, incipient bond formation; C—Br, incipient bond rupture 


adopted, and assuming free rotation, a value close to —50 cal/mole at 343° K was calcu- 
lated as a contribution to 6A F*, i.e. reducing the free energy of activation for the deuterium 
compound. Generally speaking the calculations show that initial state differences favor 
more rapid reaction of the light compound. The effect of increased mass on the thermo- 

5AH+ is determined by identifying the gradient (dln K)*/(d 1/T) with AH*+/Rand from the basic equation 
of transition state theory it can be readily shown that AH+ = Ey +f7 oe *d T-{r CpdT, where Eo is the difference 
between the zero-point energy levels in initial and transition states. 
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dynamic properties of the initial state will be paralleled in the transition state but will be 
reduced in size compared with the less massive initial state. Thus these transition state 
changes will tend to cancel the initial state changes, but will be less effective as the model 
postulated for the transition state becomes more complicated, and might be quite small 
where several water molecules are involved. Thus it seems that all these factors will 
increase the activation free energy of the deuterium compound relative to that of the 
protium compound with the exception of the internal rotation mentioned above. 

We have omitted the part played by the vibrational contributions to AF* so that the 
nature of the vibrations of the transition state complex may be discussed separately. The 
results of our calculations indicate that the principal source of the inverse isotope effect 
probably lies in the altered vibrational frequencies which characterize the transition state. 
A substantial difference in the free energy of activation is present as a consequence of the 
initial state alterations in a direction which favors more rapid reaction of the protium 
compound. The direction of the isotope effect implies that the frequency sum for the 
transition state must exceed that of the initial state. The calculations which we mentioned 
earlier indicate that the simple hybridization change alters the frequencies downwards, 
that is, in a direction contrary to that expected from the rate alteration. If this is so, 
alternate sources of stiffening of the carbon—hydrogen vibrations must be sought, such 
as those proposed by Lewis and Johnson (1) and Streitwieser (4). 

The presence of a nucleophile in close proximity to the coplanar methyl grouping, 
tozether with an additional contribution from the leaving group, appears to be a reasonable 
source of hindrance to out-of-plane carbon—hydrogen vibrations. As an extension of this 
hypothesis a correlation of the type noted by Lewis and Johnson would be expected. Since 
the hybridization change alone produces vibrational changes which would lead to isotope 
effects with ky/kp > 1, one would expect that with increasing hindrance to bending from 
increased nucleophilic interaction that the isotope effect would steadily decrease, pass 
through unity where a-deuteration would apparently have no consequences, and become 
less than one where the stiffening was extreme. The magnitude of the changes required to 
account for the experimental observations can be assessed if the frequencies of the funda- 
mental vibrations of the transition state are estimated. The usual transition state theory 
represents the system as a mass point moving over a potential energy hypersurface. 
Translation along one co-ordinate in this hyperspace is associated with reaction and this 
translation is identified with one of the modes of vibration of the transition state complex. 
It seems a necessary condition that an incoming water molecule will be close to the carbon 
atom in the transition state and presumably the ester linkage will be extended so that 
movement in these two linkages will form part of the reaction co-ordinate. The effect that 
we have observed is small and thus it may be concluded that the reaction mode of vibra- 
tion does not involve a normal mode which includes the movement of hydrogen in an 
important way so that the consequences of deuterium substitution on this mode will not 
be severe.® If it is concluded that the important changes will be those involving only the 
central CH; grouping then the problem is that of estimating the frequencies of the 
vibrations associated with this group. The bonds to the ester grouping and the incoming 
water molecule are assumed to be weak so that the effect of these groups on the in-plane 
vibrations can be neglected. The frequency sum for these vibrations for a coplanar CH; 
group was calculated assuming simple valence forces (12), and the effect of deuterium 


An analogy can be drawn by considering the v2 and v3 vibrations of methyl iodide which can be described as 
the symmetrical CH; deformation frequency and the C—I stretching frequency, respectively. Deuteration pro- 
duces an alteration of the frequency by factors of 0.76 where the vibration involves hydrogens in an important 
way, and only 0.92 where this is not so. 
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assessed by using a modified mass correction (12, 4). By assuming that the isotope effect 
is derived from the large value of the frequency associated with out-of-plane bending, a 
force constant for this motion can be calculated for comparison with those encountered 
normally. These calculations are detailed in the Appendix. The fundamentals are 
v3, 2930; v2, 3120; m4, 1290 cm-, and the stiffened mode will have a value 2135 cm to 
account for the observed isotope effect for methyl bromide. Calculating backwards, a 
value of 3.1 105 r? dyne cm? can be derived fer the out-of-plane bending force constant. 
This can be compared with the following values for bending modes in other molecules. 


ra cf" o/s 
Nu 
0.46 r? 0.51 r? 1.5 r? X 10° dynes/cm. 


(N.B. These are all in-plane modes.) 

The value that we have calculated is considerably higher than those above but does 
not render the stiffening hypothesis untenable since it represents a maximum where all 
the effect has been attributed to the stiffening of one mode. The presence of increments of 
charge on the constituent atoms of the group would increase the force constants for in- 
plane bending and stretching modes so that the aplanar bending need not be so stiff in 
‘order. to account for the observed rate change. 


CONCLUSIONS 


The possibility that the deuterium compound is more strongly solvated in the transition 
state, and thus reacts more rapidly, is rejected because it fails to apply in cases where the 
opposing thermodynamic change (resulting from mass alterations) is quite small. Halevi’s 
(13) suggestion that the potential surface is not invariant with respect to isotopic change 
cannot be dismissed (see below) but represents an unknown factor which does not appear 
essential in discussions concerning other systems where more precise statistical mechanics 
can be applied (17). It appears therefore that the observed inverse isotope effect can be 
attributed to stiffening of the C—H vibrations in the transition state which produces a 
decrease in the zero-level energy difference for the deuterium compound compared to the 
protium compound. This alteration counterbalances the change in the thermodynamic 
properties (arising from mass changes) which favors more rapid reaction of the light 
compound. The isotope effect varies with the nature of the group attached to the methyl 
group, but it is not clear whether the variation is a consequence of altered stiffening 
derived from changing size of the leaving group or changing degree of nucleophilic inter- 
action by the entering water molecule. The sulphonates will presumably have similar 
effects in steric terms and do not show a variation in kg/kp which lies outside experimental 
error. The alteration in the methyl halide series follows the increase in leaving group size 
which is also the order of increase in the degree of nucleophilic attack if the rate ratio 
comparing OH~ attack in water with water solvolysis is accepted as a measure of this 
interaction (27). 

The postulate that the alteration in AF* is a consequence of opposing AH* and AS* 
changes leads to consideration of the possibility of experimental verification. 

The temperature dependence of AH* for methyl halide solvolysis has been examined 
by Heppolette and Robertson (18). Detailed examination of the Arrhenius E, vs. T 
relationship indicated that the root mean square deviation of E, from the derived smooth 
curve was +90 cal for the methyl iodide solvolysis. If this value is taken as an index of the 
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precision with which AH* can be measured, then experiments over a temperature range 
t° will not reveal changes in AS* which are less than 90/t. The difference in gas phase 
entropies between CH;I and CD,lI is slightly less than 2 e.u. in the range of experimental 
temperatures so that experiments 50° apart would just detect this change, but when the 
transition state difference is considered it is almost certain that the effect will not be 
detectable at the present level of experimental sensitivity. 

Differential electron release would produce a reduction in Ey’ favoring the heavy com- 
pounds we have examined here. Although there is considerable evidence to show that the 
substitution of deuterium for protium changes the ground state electron density con- 
figuration, it is uncertain whether these changes always imply differences in reactivity. 
Halevi (13-16) has measured isotope effects and interpreted them on the basis of electron 
release but some of these effects may be explicable in terms of the more usual phenomena 
associated with isotopic substitution discussed earlier, so that the significance of this 
factor in the cases discussed here is doubtful. Reasoning on the basis of electronegativity, 
isotope effects would be expected to increase along the series I, Br, Cl, sulphonates, and 
we find the reverse, but do not rule out this effect because a rapid saturation of this 
electron-releasing process might lead to the order observed in the experiments. 

The thermodynamic contributions, which favor reduced reactivity of the deuterium 
compound, are greatest for the methyl halides and yet the inverse isotope effect is greatest 
for these compounds. A similar trend exists within the halides themselves and it is con- 
cluded that the more important factor is the vibration change produced by altered hybridi- 
zation and stiffening by entering and leaving groups. 


EXPERIMENTAL 


The deuterated methyl methanesulphonate and methyl tosylate were synthesized 
according to the method of Morgan and Cretcher from CD;0OH (99.5%) supplied by 
Merck and Co. Ltd. of Montreal. The dimethyl sulphate was a pure sample supplied by 
Dr. Leitch of these laboratories. The methyl bromide and iodide were obtained from 
Merck and Co. Ltd. and were better than 99% isotopic purity. 

Samples of both the normal and isotopic methyl chloride were prepared by heating the 
corresponding tosylate with an equal weight of anhydrous CaCl; in a suitable apparatus 
and collecting the evolved gas. The kinetic rates of hydrolysis for the normal material 
were shown to be identical with those previously obtained in a more extensive study in 
this laboratory (23). 

Methyl nitrate was synthesized by the method previously used by Robertson and 
Laughton (24) and shown to be at least 95% isotopically pure by mass spectrometry. 

Rate determination and other details of the kinetic studies were the same as those 
previously described by us (25). 


REFERENCES 


. Jounson, R. R. and Lewis, E. S. Proc. Chem. Soc. 52 (1958). 

SHINER, V. J. J. Am. Chem. Soc. 74, 5285 (1952). 

.; SAUNDERS, W. H., ASPERGER, S., and Eptson, D. H. Chem. & Ind. 1417 (1957). 

5 — A., Jr., Jacow, R. H., Faney, R. C., and Suzuki, S. J. Am. Chem. Soc. 80, 2326 
1958). 


. INGOLD, = K. ” en and mechanism in organic chemistry. Cornell Univ. Press, Ithaca, N.Y. 
1953. ap. 7. 

. Discussed with references by STREITWEISER, A., JR. Chem. Revs. 56, 571 (1956). 

. BIGELEISEN, J. and WoLFSBERG, M. Jn Advances in chemical physics. Vol. I. Edited by I. Prigogine. 
Interscience Publishers, Inc., New York. 1958. Chap. II. 


NO oo pode 


7Note that this is Eo, the difference between zero-point energy levels and not Arrhenius’ Eg. 





















































LLEWELLYN ET AL.: DEUTERIUM ISOTOPE EFFECTS. I 


8. SHINER, V. J. Tetrahedron, 5, 243 (1959). 

9. MELANDER, L. Arkiv Kemi, 2, 211 (1950). 

10. STOCKMAYER, J. H. J. Chem. Phys. 27, 321 (1957). 

11. MoeLwyn-HuGues, E. A. Proc. Roy. Soc. 164, 295 (1938). 

12. HERZBERG, G. Infrared and Raman spectra of polyatomic molecules. D. Van Nostrand Co., Inc. 
New York. 1945. Chap. 3. 

13. HaLevi, E. A. Tetrahedron, 1, 174 (1957). 

14. HaLtevi, E. A. Tetrahedron, 5, 352 (1959). 

15. HALEvi, E. A. and Nussim, M. Bull. Research Council Israel, A, 7, 230 (1958). 

16. Hatevi, E. A. Trans. Faraday Soc. 54, 1441 (1958). 

17. Weston, R. E. Tetrahedron, 6, 31 (1959). 

18. HEPPOLETTE, R. L. and RoBertson, R. E. Proc. Roy. Soc. A, 252, 273 (1959). 

19. WEISSMANN, H. B., BERNSTEIN, R. B., Rosser, S. E., MEISTER, A. G., and CLEVELAND, F. F. J. 
Chem. Phys. 23, 544 (1955). 

20. FENLON, P. F., CLEVELAND, F. F., and MEtster, A. G. J. Chem. Phys. 19, 1561 (1951). 

21. Gorpy, W., Stmmons, J. W., and Smitu, A. G. Phys. Rev. 74, 243 (1948). 

22. Simmons, J. W. Phys. Rev. 76, 686 (1949). 

23. ROBERTSON, R. E., HEPPOLETTE, R. L., and Scott, J. M. W. Can. J. Chem. 37, 803 (1959). 

24. Laucuton, P. M. and RoBertson, R. E. Can. J. Chem. 35, 1319 (1957). 

25. ROBERTSON, R. E. Can. J. Chem. 33, 1536 (1955). 

26. RoBERTSON, R. E. Unpublished work. 

27. FeLts, I. and MoeLwyn-Huaues, E. A. J. Chem. Soc. 1326 (1958). 


APPENDIX 


Calculations on the basis of a transition state model which contains only 1 water 
molecule interacting with methyl bromide and the deuterated analogue produce thermo- 
dynamic changes giving 5AF* 40 cal/mole at 343° K. The experimental value of 5AF* is 
— 175 cal/mole so that if the transition state alteration in zero-point energy is the source 
of the inverse isotope effect then deuteration must account for this 215 cal/mole in 
addition to the 5647 cal/mole arising from the initial state zero-point differences. 

For these vibrational calculations we consider only the 1, v2, v4, and vs modes for the 
initial state which are those involving C—H bond vibrations in an important way (see 
Table IV). The v3; and vs vibrations are strongly dependent on the X grouping and it is 
assumed that the errors involved in neglecting these in the initial state will be balanced 
by similar terms in the transition state, for vibrations involving bending with respect to 
the principal axis and stretching the C—O, C—X linkages. The purpose of this calculation 
is to show that the stiffening which must be postulated to account for the experimental 
observations does not lead to unreasonable values for the force constants involved. The 
model consists of a coplanar CH; group with the hydrogen atoms set at the C—H distance 
in ethylene with the stretching and in-plane bending force constants taken from the 
ethylene molecule. 

A simple valence force treatment was then applied and the frequencies for the in-plane 
modes were calculated. By assuming that a mass correction can be applied to these 
vibrators the effect of deuterium substitution was assessed. From this information and 
the results of previous calculations a frequency for the out-of-plane bending mode was 
calculated which would account for the observations. Evaluation of the corresponding 
force constant enabled compromise with other systems. 

A simple valence force treatment of the coplanar XY; molecule gives the following 
expressions for the fundamental frequencies. 


[1] Ai = k/m, 

[2] Ae = (1+3m,/m,) ky/m,r’ 
[3] NatAzs = (14+3m,/2m,)(k/m,+3ks/m,r’) 
[4] = 3(1+3m,/m,)(k/mj.k/r’) 
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x = C; y = H; k, C—H stretching constant; ky, aplanar bending constant; ks, HCH 
angle bending constant. 
N.B. 4rc?Mv? = 5.8894.10-*. > = . This is treated in detail in Herzberg (12). 

Using the values C—H stretch 5.110 dyne/cm, planar bend 0.3X10°r? dyne/em, 
m, = 12.011 a.w.u., m, = 1.0008 a.w.u., r = 1.07 A we may calculate », v3, and v4 
‘leaving v2 the aplanar bending mode for later consideration. 

The values obtained are 

v; 2930 cm—', 


v3 3120 cm, 
v4 1290 cm™. 
Denoting the missing frequency by v2 


zero point energy = 5( pe Vi ) = (11750+72)/2 cm”. 


The initial state sums (for the frequencies mentioned earlier) are 13279 and 9830 cm— for 

protium and deuterium compounds respectively so that the zero-point change will be 

1725 cm (}>0 Av, ). If the v2 vibration is to account for the effect then the zero point 
i 


change in the transition state must be equal to the initial state zero point change plus 
the calculated thermodynamic changes plus the experimentally observed difference. 

Applying the approximation vy = 1.35yp the transition state zero point change is 
given by 





1 _ 11750-+02 _ 11750-+92 
tS 2X1.35 


so that 
11750+v2 — 11750+v2 
2 2.8 


where the second term (75 cm™) on the right-hand side represents the maximum value 
of the thermodynamic differences for methyl bromide and the third term (22 cm —) 
represents the experimental difference in AF*. The frequency of the stiffened mode is 
given by v2 = 2565 cm™, whence the force constant k,r? = 3.12 10° dynes/cm for the 
out-of-plane vibration can be calculated using equation [2]. The only significance that we 
attach to these calculations is the more or less qualitative concept that the hybridization 
change produces a frequency sum decrease and that some degree of stiffening is required 
to change the zero-point energy in the appropriate direction to account for the observed 
effect. 

It may be argued that a complete analysis of the transition state vibrations would be 
more effective but aside from the difficulty of carrying out such analyses for possible 
models, there remains the basic difficulty of definition of the reaction co-ordinate for a 
system such as this, superimposed upon the doubt whether it is capable of being identified 
with any of the normal modes of the transition state. 





= 1725+75+22 














THE LUMINESCENCE OF COMPLEX MOLECULES IN RELATION 
TO THE INTERNAL CONVERSION OF EXCITATION ENERGY 
PART II. N-HETEROAROMATICS! 


Rosin M. HoOcHSTRASSER 


ABSTRACT 


The relative fluorescence and/or phosphorescence yields of a number of methyl- and 
halogeno-quinolines, isoquinolines, and acridines have been measured as a function of the 
wavelength of the exciting light. In all cases the solvent was absolute ethanol. The results 
show that the efficiency of internal conversion processes between excited singlet states is 
extremely high in comparison to other intramolecular steps. The effect of substituted heavy 
atoms is discussed, as well as the fluorescence of the conjugate acids of the bases. 


INTRODUCTION 

In general, the fluorescence and phosphorescence quantum yields of aromatic molecules 
do not depend on which electronic state of the molecule is initially excited (6, 8, 9, 13, 25). 
In Part I of this series (9) some exceptional cases were reported and it was shown that this 
is not necessarily true if the excited molecule is free to isomerize. In these cases it was 
found that the quantum yield of fluorescence was considerably lower when the higher 
electronic states of the molecule were excited. Other exceptions are found with certain 
substances at very low pressure in the vapor phase. Under these conditions the molecule 
may photodissociate before the excess of vibrational energy is removed by collision. 
Consequently the fluorescence yield depends on the initial vibrational energy content 
which in turn is determined by the excitation energy. Another possible exception is that 
intramolecular energy transfer processes might occur within very short times (10-” 
second). Should such a process as intersystem crossing, for example, occur at this rate it 
would probably compete favorably with the internal conversion process between elec- 
tronic states. The result would be that the quantum yield of fluorescence would decrease 
and the quantum yield of phosphorescence would increase when the excitation energy 
was increased and successively higher electronic states were populated. An investigation 
of halogenated anthracenes (6) suggested that the last reason may be of importance. In 
particular, it was found that the fluorescence yield of dibromoanthracene was reduced to 
half its value when the excitation was directly into the higher electronic states. 

The spectral similarity of anthracenic and naphthalenic systems to the analogous 
N-heteroaromatic molecules acridine and the quinoline isomers prompted the present 
experiments. The relative fluorescence and/or phosphorescence yields of a group of 
halogenated quinolines, isoquinolines, and acridines have been measured over a wide 
range of excitation wavelengths. Previous investigations of this type on heterocyclic 
molecules were mainly concerned with the larger molecular systems of biology and photo- 
synthesis (7, 21), although more recently Weber and Teale (25) measured the quantum 
yield of fluorescence of 9-aminoacridine and found this to be constant over the range of 
exciting wavelengths 2100-4700 A. 


EXPERIMENTAL 


The experimental arrangement, which was designed by Ferguson (6) and modified by 
the author (9), was essentially the same as that described in Part I. The excitation 
spectrum and absorption spectrum of each substance was determined before proceeding 


1Manuscript received September 14, 1959. 
Contribution from the Chemistry Department, the University of British Columbia, Vancouver, B.C. 
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to the yield determinations. In this way there was reasonable certainty as to the nature 
of the emitting species because luminescent impurities would have been readily detected 
in these experiments. Unless noted, the specimens were not examined in the long wave- 
length tail of the absorption band but from the wavelength of the first absorption 
maximum towards shorter wavelengths. Light from the hydrogen lamp was passed 
through a Beckman monochromater onto the sample, contained in a silica cell, and the 
luminescence was detected by a photomultiplier (RCA 5819). A filter was used to prevent 
the exciting light from reaching the photomultiplier. The filters used were benzyl! alcohol 
(1.5 cm) or sodium nitrite (1.5 cm, saturated in water). The former cut off at approxi- 
mately 3400 A and the latter at 4000 A. No luminescence could be detected from either 
filter. The benzyl alcohol filter was used for the fluorescence of the quinolines and 
isoquinolines, and the sodium nitrite filter for the green phosphorescence from these 
compounds and for the blue-green fluorescence from the acridines. Measurements were 
made of the excitation spectra of luminescence and of the relative quantum yields of 
fluorescence at different excitation energies. The experimental error in relative yields was 
about 3%. The concentration of the compounds investigated was sufficiently large that at 
least 99.9% of the exciting light was absorbed at each exciting wavelength. Thus any 
slight spectral shifts or sharpening of the spectra on cooling to liquid nitrogen temperatures 
would not have affected the quantum yield curves. In a few cases the separation of the 
phosphorescence and fluorescence emission was checked by using a Corning filter (No. 
3486, cut off at about 4500 A under the present conditions) in addition to the benzyl 
alcohol filter, and was found satisfactory. 


RESULTS 


(4A) Quinoline and Isoquinoline Derivatives 

Two emissions of different spectral location and apparent lifetime were observed for 
most of the compounds. The short-lived luminescence occurred in the region 3400-4000 A. 
The longer-lived component, which appeared beyond 4000 A, was observed only in rigid 
solutions. There was no doubt that each emission originated through the absorption of the 
incident radiation by the substance (of known absorption spectrum) under consideration. 
In the halogenated derivatives the phosphorescence and fluorescence could not be distin- 
guished by qualitative observations of the apparent lifetime of the emission. This was to 
be expected by analogy with the corresponding naphthalenes where the phosphorescence 
lifetime decreases considerably as the atomic number of the substituted halogen is 
increased (14). However, there was no reason to suppose that the spectral location of the 
emissions would change by more than 1000-2000 cm throughout the series, so the same 
filters were employed in these cases. 

The compounds listed in Table I were investigated at room temperature and at the 
temperature of boiling nitrogen (—196° C). The range of excitation wavelengths over 
which the efficiencies remain constant are given in Table I. 


(B) Acridines 

The fluorescence from acridine is intense and lies in the visible region of the 
spectrum. The phosphorescence, on the other hand, is weak and probably lies in the near 
infrared. Craig and Ross (5) could find no triplet-triplet absorption of acridine although 
their experiments suggested that it is photochemically stable in a rigid glass. The weakness 
of the phosphorescence, its awkward spectral location, and the uncertain photochemical 





























HOCHSTRASSER: LUMINESCENCE OF COMPLEX MOLECULES. II 


TABLE I 


Substances for which the fluorescence and phosphores- 
cence yields are constant throughout the investigated 
range of exciting wavelengths 








Exciting wavelength, mu 








Substance Fluorescence Phosphorescence 
Quinoline 220-315 260-315 
2-Methylquinoline 220-315 260-320 
4-Methylquinoline 220-315 260-320 
2-Chloroquinoline 250-320 260-320 
6-Chloroquinoline 250-320 260-320 
6-Bromoquinoline 250-320 260-320 
Isoquinoline 220-315 260-315 
3-Methylisoquinoline 220-315 260-315 
4-Chloroisoquinoline 250-315 260-315 
4-Bromoisoquinoline 250-315 260-315 





behavior of the halogen derivatives suggested that with the present experimental arrange- 
ments no conclusive evidence could be obtained from the excitation spectra of phos- 
phorescence. However, certain useful results were nevertheless obtained from the following 
fluorescence experiments. 

The relative fluorescence yields of acridine, 9-chloroacridine, and 9-bromoacridine were 
determined as a function of the energy of the exciting light. The first two had constant 
yields over the range 230-395 my. The yield of 9-bromoacridine was considerably less 
than that of the other compounds. This may be contrasted with observations on the 
fluorescence yields of the bromoanthracenes, which suggested that there is no significant 
difference in yield between anthracene and 9,10-dibromoanthracene (19). The yield is so 
low for 9-bromoacridine that the excitation spectrum at room temperature resembles the 
inverted absorption spectrum. Presumably the bulk of the molecules in solution act as an 
inner filter to the incident light and the luminescing species is a minute amount of a 
photoproduct. At liquid nitrogen temperatures the fluorescence of 9-bromoacridine com- 
pletely obscured the impurity luminescence, as indicated by the spectra of excitation and 
fluorescence. The fluorescence yield remained constant in a rigid ethanol glass over the 
range of exciting wavelengths 250-395 my. This result is in disagreement with that 
previously reported by the author (11) which appears to have been caused by the presence 
of a diacridinic photoproduct. 

The absorption spectra of the halogenoacridines have not previously been examined in 
detail, although Zanker (28) determined the absorption and fluorescence spectra of 
acridine and the aminoacridines, and Mataga (15) computed the energy levels of acridine. 
The main difference in the spectra of anthracene and acridine is the intensity of the 'Z, 
band in acridine and its feebleness in anthracene (2). It is of interest to compare the 
relative shifts of the ‘Z, and 'Z, states and also the intensities of the bands on substitution 
of electron-donating halogen atoms. The energy of the 0-0 transition to the lowest 'Z, 
state decreases through the series 9, X-acridine (X==H, —Cl, —Br) in the order 26,100 
cm—', 25,150 cm—', and 24,140 cm~ while the intensity does not change appreciably. On 
the other hand the energy of the transition 'L,<—'A scarcely changes through the series 
while the intensity changes considerably. These results agree with those on the protonated 
and non-protonated N-heterocyclics (17, 28) and are similar to results obtained with the 
analogous substituted anthracenes (12). 
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Fic. 1. The variation of the fluorescence yield of acridine conjugate acid with the wavelength of the 
exciting light. (a) No additional free acid. (6) Excess acid added. 


(C) Luminescence of Conjugate Acids 

A few experiments on the conjugate acids of all of the aforementioned bases were 
carried out. These included measurements of the absorption spectra, fluorescence spectra, 
and excitation spectra at room temperature and at liquid nitrogen temperature. In each 
case the quantum yield of fluorescence and/or phosphorescence was independent of the 
wavelength of exciting light over the same ranges as given in the previous section. 


Some results which at first appeared anomalous were obtained for acridine conjugate 
acid. The excitation spectrum of fluorescence is shown in Fig. 1. In this experiment 
(concentration of acridine conjugate acid, 10-? mole/liter; cell length, 1 cm; solvent, 
water) the curve would have been a straight line of zero slope and unit intercept if there 
had been only one emitting species. Consequently the curve shape must arise because 
there are two emitting species. These are the conjugate acid and the base with which it is 
in equilibrium. 

As acid is added to this solution the yield becomes independent of excitation wavelength 
and eventually shows that only the conjugate acid is emitting with constant yield through- 
out the complete absorption range. The fluorescence of the base and its conjugate acid lie 
in slightly different spectral regions but both occur in a region where the photomultiplier 
response is not strongly wavelength dependent. 

The results given in sections (A) and (B) indicate that the rule of the emitting level 
being the lowest of a given multiplicity is generally applicable to N-heterocyclic aromatic 
molecules. In each case the emitting level is the thermally equilibrated level of the lowest 
excited electronic state. 


Quinolines and Isoquinolines . 

In alcohol solution it is likely that the fluorescent level is a '(z,7*) state lying just below 
a 1(n,x*) state (22). The measurements, which extended throughout the absorption region 
of very concentrated solutions (that is, to energies comparable with the probable 0-0 
transition), confirmed that internal conversion between these two states occurs with very 
high efficiency. The constancy of the yield also indicated that there is only one emitting 
species. This is an important observation in the light of recent work by Kasha and Mostafa 
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Amr Sayed (22), who showed that the orbital excitation types of the lowest electronic 
states of 2-ring N-heterocyclics may interchange on solvation. These authors found that 
the ratio of the phosphorescence to fluorescence yields was greatest when quinoline was 
dissolved in a non-hydroxylic (hydrocarbon) solvent and smallest when the solvent was 
an alcohol. This effect was attributed to hydrogen bonding. The fluorescence yields of 
hydrogen-bonded and non-hydrogen-bonded heteroaromatics are normally quite different 
(1, 16), the fluorescence yield of the latter being considerably greater since the emitting 
level is a '(4,x*) state in which the probability of intersystem crossing is usually less than 
for a '(”,r*) state (3, 23). As a hydroxylic solvent was used in this case all the emission 
presumably comes from hydrogen-bonded molecules. 

The effect of small quantities of hydroxylic molecules on the relative fluorescence yield 
of quinolines, which will be discussed in detail in Part III, should be mentioned. When the 
excitation wavelength is longer than 3150 A (beyond the first absorption maximum at 
3140 A) the quantum yield of fluorescence is no longer independent of the exciting energy. 
The yield increases as the excitation wavelength increases to 3300 A and then remains 
constant at the higher value for longer exciting wavelengths. The amount of the increase 
is a function of the hydroxylic concentration. It is believed that this results from the 
dissociation of hydrogen-bonded molecules in the excited state. It appears that efficient 
mixing of the !(m,x*) and '(2,7*) states can occur when the solvent contains hydroxylic 
groups, that is to say when the lowest excited state is '(7,7*) and the excitation is to levels 
beyond the first absorption maximum (3140 A) as in the present work. 

The phosphorescence in all cases was a *(2,2*) —'A transition. It may also be concluded 
that the introduction of a bromine substituent into the ring system does not enhance 
intersystem crossing sufficiently for the process to compete favorably with internal 
conversion between excited states. The same general conclusions are known to be true 
for the analogous naphthalenes (6). 


Internal Conversion 

It may be asked why the internal conversion efficiency is independent of the excitation 
energy for bromoacridine but not for dibromoanthracene (6). These molecules are so 
similar that such a result is unexpected. An increase in spin orbital interaction due to the 
presence of a heavy atom could be brought about by altering the nodal distribution of 
m-electrons and hence the z-electron density in the region of the heavy atom. In most 
molecules this effect is not experimentally observable since the rate of intersystem crossing 
is much less than the rate of internal conversion between excited states (13, 20). The 
probability of intersystem crossing from the fluorescent state is measured by the ratio 
of the phosphorescence to fluorescence yield (13) while the probability of crossing from an 
upper state is given by the ratio of the phosphorescence to the internal conversion yield. 
For the cases under discussion this is presumed different from unity. The rate of upper 
state crossing k is given by 


k= pA) > 10/1 = 10** seconds * 


for 9,10-dibromoanthracene where the ratio (1—¢)/@is nearly unity (6) and where ¢ is the 
relative fluorescence yield. This value for k is much greater than that for most molecules. 
For example in the halogenated naphthalenes where heavy atom induced intersystem 
crossing is known to occur (14) the rate of intersystem crossing has a maximum value of 
about 10" seconds—!. There is no reason to believe that intersystem crossing via the upper 
states of molecules will be any more rapid than crossing from the first excited singlet state 
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in molecules where spin-orbit interaction is large. It is known that the fluorescent state 
of anthracenic molecules is particularly insensitive to heavy atom perturbation (18) so 
some enhancement is to be expected on excitation to a higher state. Also it has been shown 
that the process responsible for the reduction in the number of internal conversions when 
the excitation is in the upper state must occur at least 400 times faster than the apparent 
rate of fluorescence emission from the lowest singlet state (10). Thus the rate of removal 
of quanta from the upper state must be just below 10" seconds. Consequently, the 
phenomenon may not be explained as due to a slower rate of internal conversion due to 
unfavorable crossing of the excited state potential energy surfaces, as has been postulated 
in the case of azulene (24). It is possible that the increased efficiency of internal conversion 
in bromoacridine is connected with the presence of !(m,x*) states. Theoretically these 
states lie quite close to each '(z,x*) state, thus permitting internal conversion to occur 
through mixing of (”,x*) and (2,x*) electronic states. 


Acridine Conjugate Acid 

Although the base strengths of heterocyclic molecules differ in the ground and excited 
states (26), it is interesting that for acridine conjugate acid the constancy of the quantum 
yield of fluorescence throughout the regions where most of the light is absorbed by the 
conjugate acid (e.g. 2200-2300 A, 2500-2600 A, and 3500-3900 A in Fig. 1) indicates that 
the base strength in the upper excited states is not much less than in the fluorescent state. 
The bimolecular rate constants for proton recombinations and additions in such systems 
(27) indicate that an excited acid molecule would probably lose its proton within 10-” 
seconds. This implies that proton loss could compete favorably with internal conversion 
in such molecules if the base strength were low enough in the upper states. For acridine, 
the base strengths of the excited states are probably in the order 'L, > ground > ‘Zp, ‘By. 
This order was deduced from the electron densities at the N atom of the base in each 
excited state, using the Coulson definition of bond orders and charge densities (4). 
Alternatively one may consider the relative polarization directions of the transitions to 
these states, which are predicted to be short axis, short axis permanent, long axis, and long 
axis respectively (15). It is reasonable to assign a higher electron density at the nitrogen 
atom, hence a higher base strength, for the short axis polarized states. Thus it should be 
fairly simple to observe effects such as described above if the molecule chosen has greatly 
different base strengths in each of its electronic states. Of course it is also necessary that 
the proton recombination times for excited base molecules be of approximately the same 
magnitude as (or larger than) the fluorescence lifetimes of the base and its conjugate acid. 
Investigations of such systems will be important in order to determine the role of internal 
conversion. A more detailed discussion will be given in Part III, with special reference to 
quinoline. 

The measurement of the fluorescence efficiency as a function of exciting light energy 
for a solution containing a base in equilibrium with its conjugate acid can make possible 
a calculation of the acid-base equilibrium constant of the acid-base reaction if the 
absorption spectra of the acid and of the base are known. The relative yield values such 
as these of Fig. 1 may be used in such calculations. 
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STUDIES IN THE WAGNER-MEERWEIN REARRANGEMENT 
PART IV. DERIVATIVES OF BENZ[b]FLUORENE! 


F. A. L. ANET AND P. M. G. BAvin? 


ABSTRACT 


10-Methyl-10-benz[b]fluorenylmethy! tosylate* gave mainly 5-methylbenz[aJanthracene on 
formolysis, but the related alcohol gave a mixture of the 5- and 6-methyl isomers by reaction 
with phosphorus pentoxide. Reaction of benz[b]fluorenone with excess diazomethane gave 
5-methoxyhciizjajanthracene as the only isolable product. The alkylation of methyl benz[b]- 
fluorene-10-carhoxylate was studied. 


Collins and his co-workers have employed “C to study migratory aptitudes in Wagner- 
Meerwein rearrangements of polycyclic systems (1, 2, 3, 4). In particular, 10-benz[b]- 
fluorenylmethanol-11-"“C (I) was dehydrated by phosphorus pentoxide in boiling xylene 
to benz[aJanthracene (II), in which “C was found at carbon atoms 5 and 6 in the ratio 
48:52 (3). 

It seemed to us that similar information could be obtained without the use of “C, by 
using 10-methyl-10-benz[b]fluorenylmethyl tosylate (III), in which the carbon is labelled 
with a methyl group. On formolysis III gave almost pure 5-methylbenz[aJanthracene in 
about 60% yield. Examination of infrared spectra suggested the presence of traces of 
6-methylbenz[aJanthracene (V) in the mother liquors from IV. However, the infrared 
spectra of IV and V were not sufficiently different to enable an accurate analysis to 
be made. 

The greater migrating power of the naphthelenic over the benzenic ring in the formo- 
lysis of III is in contrast to the reaction of I with phosphorus pentoxide, where the two 
rings have about equal migrating powers. This may be due to the different experimental 
conditions leading in the case of Collins’ work to a transition state more nearly approxi- 
mating to a free carbonium ion which should have a low selectivity. In the case of the 
tosylate (III), formation of the benzanthracene probably occurs with participation of 
the aromatic ring in the ionization step, as in simpler systems studied by Cram (5). 
However, the reaction of 10-methyl-10-benz[b]fluorenylmethanol with phosphorus 
pentoxide gave nearly equal proportions of IV and V, in agreement with the results 
of Collins. 

By reaction of benz[b]fluorenone with excess diazomethane, 5-methoxybenz[a]anthra- 
cene (VI) was obtained as the only isolable product, but in only fair yield (88%). The 
intermediate involved is almost certainly VII or a close approximation to it (6), so that 
this reaction is similar mechanistically to the Wagner—Meerwein rearrangement. A 
similar ring-expansion of benz[a]fluorenone has been reported (7), the only product 
isolated being 6-methoxychrysene. Thus in both of these examples the naphthalenic 
ring appears to have the greater migratory power. 

Methyl benz[b]fluorene-10-carboxylate was not alkylated as smoothly as the fluorene 
analogue (8), the reaction failing with t-butyl bromide, though the methyl and isopropyl 


derivatives were readily obtainable. 
1Manuscript received September 23, 1959. 
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(VII) 


EXPERIMENTAL 


Methyl Benz(b| fluorene-10-carboxylate 

Benz[b]fluorene (10 g) in warm benzene (150 ml) was added to a vigorously stirred 
solution of phenyl lithium (from 10.5 g bromobenzene and 1 g lithium) in ether (500 ml) 
under an atmosphere of dry nitrogen. The solution rapidly assumed a deep purple color. 
After half an hour it was poured onto powdered Dry Ice (500 g). Next day the mixture 
was acidified with dilute hydrochloric acid and steam-distilled to remove solvents. After 
cooling, the solid was collected, washed, and dissolved in hot 5% sodium carbonate 
solution (400 ml). Filtration with Norite and subsequent acidification gave the acid as 
a white solid. Esterification was effected by boiling for 4 hours with dry methanol pre- 
viously saturated with hydrogen chloride. Concentration to 600 ml and cooling gave 


pale yellow prismatic needles of methyl benz[b]fluorene-10-carboxylate (8.7 g, 70%), 
m.p. 124-125°, raised to 126-126.5° by a further crystallization from acetone—methanol. 
(Lit. m.p. 117-118° (2).) Found: C, 83.23; H, 5.71. Calculated for CigH4O2: C, 83.20; 
H, 5.15%. 


Methyl 10-Methylbenz(b| fluorene-10-carboxylate 

The preceding ester (5g) was dissolved in methanol (100 ml) containing sodium 
methoxide (from 1 g sodium) to give a deep orange solution. Addition of excess methyl 
iodide caused a rapid change of color to pale yellow. Isolation of the product in the 
usual way and crystallization from acetone—methanol gave pale yellow prisms (4.07 g) 
m.p. 141.5-142.5°, raised to 142-143° by a further crystallization. Found: C, 83.23; 
H, 5.23%. Calculated for CooH 1.02: C, 83.31; H, 5.59%. 

Concentration of the original mother liquors gave a second crop (9.4 g) of almost 
pure material, raising the yield to 87%. 


10-Methyl-10-benz[b] fluorenylmethyl Tosylate 

The preceding ester (3 g) was reduced with an excess of ethereal lithium aluminum 
hydride. 10-Methyl-10-benz[b]fluorenylmethanol was obtained as a difficultly crystal- 
lizable oil, slow evaporation of a benzene-hexane solution affording small well-defined 
rhombs, m.p. 108.5-110°. The bulk of the oil was esterified with tosyl chloride (2.6 g) 
in dry pyridine. The product crystallized from benzene—hexane as small white needles 
(2.95 g), m.p. 118-119°; concentration of the mother liquors afforded a further 0.16 g. An 
analytical sample was obtained after a further crystallization, m.p. 118.5-119.5°. Found: 
C, 75.33; H, 5.35%. Calculated for CosH2203S: C, 75.35; H, 5.35%. 
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5-Methylbenz[alanthracene 

(a) In the best of several experiments, the once-crystallized tosylate (0.82 g) and 
95% formic acid (100 ml) were boiled under reflux for 1 hour. Isolation of the product 
with chloroform gave a yellow gum, which was dissolved in hexane containing a little 
benzene and the solution passed through a column of activated alumina. Further elution 
with hexane and evaporation of the combined eluants gave crude 5-methylbenz[aJanthra- 
cene which crystallized from methanol as small white needles (0.28 g, 64%), m.p. 152- 
153°. (Lit. m.p. 155.9-156.9°, corr. (9).) The identity was confirmed by a mixed melting 
point with a sample of m.p. 154° and by comparison of infrared spectra. The melting 
point was strongly depressed by adding 6-methylbenz[aJanthracene. 

Evaporation of the mother liquors gave material of m.p. 92—100° (0.08 g). The infrared 
spectrum showed a weak peak at 11.85 u indicating the presence of a small proportion 
of the 6-methyl isomer, but attempts to isolate this through the picrate or by careful 
chromatography were unsuccessful. 

(b) 10-Methyl-10-benz[b]fluorenylmethanol (0.5 g) and phosphorus pentoxide (1 g) in 
xylene (10 ml) were boiled under reflux for 4 hours. Purification of the product and 
examination of the infrared spectrum showed that there was present a mixture of about 
equal amounts of 5- and 6-methylbenz[aJanthracene. 


Methyl 10-Isopropylbenz(b| fluorene-10-carboxylate 

Methyl! benz[b]fluorene-10-carboxylate (0.5 g) was alkylated using 3 equivalents each 
of isopropyl bromide and methanolic sodium methoxide. The product was a yellow oil 
which failed to crystallize, but passage of a hexane solution through a column of activated 
alumina and crystallization of the colorless fractions from acetone—methanol gave prisms, 
(0.4 g), m.p. 150-151°. Found: C, 83.40; H, 6.37%. Calculated for C22H29O2: C, 83.51; 
H, 6.37%. 

Further elution of the chromatogram gave a yellow oil (0.09 g) which formed a 
vermilion 2,4-dinitrophenylhydrazone. This was not characterized. 

Attempts were made to ¢-butylate methyl benz(b]fluorene-10-carboxylate, as described 
for the fluorene analogue (8). The product was always contaminated with orange material 
which could not be removed by chromatography. Saponification to an acid followed by 
esterification with diazomethane also failed to yield a pure compound, so these experiments 
were discontinued. 


5-Methoxybenz(a] anthracene 

Benz[b]fluorene (1 g) was oxidized with sodium dichromate in acetic acid and a solution 
of the products in hexane passed through a column of activated alumina. Elution of the 
yellow band and crystallization from methanol gave yellow needles, m.p. 151—152° (0.7 g). 
(Lit. m.p. 152° (10).) 

The pure ketone (0.5 g) was dissolved in methanol. (100 ml) to which was added a 
large excess of ethereal diazomethane. Next morning the solvent was removed and the 
residue dissolved in hot heptane. The solution was passed through a column of activated 
alumina, elution being continued with the solvent until a fluorescent colorless band had 
been eluted. Evaporation and crystallization from benzene—hexane gave colorless needles 
(0.22 g) (38%), m.p. 165-166°. (Lit. m.p. 167—-168° (11).) The melting point was not 
depressed on mixing with an authentic specimen, prepared by methylating 5-hydroxy- 
benz[ajanthracene with diazomethane. 

The only other material recovered from the chromatogram was unreacted ketone 
(0.11 g). 
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A SURVEY OF AMINO ACID CONTENT OF THE UREDOSPORES OF SOME 
RACES OF WHEAT RUST (PUCCINIA GRAMINIS)! 


M. E. McKILLIcANn 


ABSTRACT 


The free and combined amino acids of seven samples of wheat rust were analyzed quanti- 
tatively by paper and column chromatography and compared with the amino acids present in 
uninfected wheat leaves. All races studied contained different proportions of free amino 
acids. 


INTRODUCTION 


The physiology of Puccinia graminis has been studied in some detail. For example, 
investigations of wheat leaf metabolism have indicated that diffusible substances spread 
from the fungal mycelium (1) and, as the parasite developed, the rise in oxygen consump- 
tion in the tissue of non-resistant wheat was found to occur later than in rust-resistant 
plants (2). This increase in respiration proved to be not merely an additive effect of the 
fungus respiration, but to be due to respiratory changes in the host tissues (3). In rust- 
susceptible wheat, decreased glycolic acid oxidase activity was shown to accompany the 
increased respiratory rate (4). 

In contrast, the chemical constitution of the uredospores ot P. graminis has been little 
investigated. The carotenoid pigments of the uredospores have been described (5) and 
studies made of a substance (6) or substances (7) that cause differentiation of infection 
structures. An examination of four races of wheat rust has shown a different total amino 
acid and sugar content for each race (8). 

In the present work, the free and combined amino acids of seven samples of wheat stem 
rust uredospores are analyzed quantitatively by paper and column chromatography and 
compared with the free amino acids present in uninfected wheat leaves. 


MATERIALS AND METHODS 


The original rust cultures were obtained from the Plant Pathology laboratory in 
Winnipeg. The two-race mixtures and one sample of race 29, as well as the samples of 
field-collected wheat rust spores, were grown in Winnipeg. All races except the field- 
collected mixtures were grown on Little Club wheat in a greenhouse. Spores of all races 
were harvested when they reached maturity. 

The free amino acids were obtained from the spores in the following manner: The 
uredospores were first extracted with ethyl ether for 20 hours to facilitate penetration of 
the aqueous solvent. Boiling water (20 ml per g) was then added to the sample and 
refluxed for 1 hour. The mixture was filtered, the filtrate cooled and poured into two 
volumes of ethanol. Any precipitate was removed by filtration. The extract was taken to 
small volume under reduced pressure, and the concentrate placed on a short (20 g) 
column of Dowex 50, 4% cross-linked, (50X4), 50-100 mesh, prepared according to 
Partridge (9, 10), and washed with 200 ml water. Acidic and neutral fractions were thus 
washed through, and the amino acid fraction (plus other weakly basic compounds) was 
then eluted from the Dowex 50X4 column with 0.2 N ammonium hydroxide. The 
ammonia was removed under reduced pressure and then in vacuo at 50° C. 

1 Manuscript received June 22, 1959. 
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A sample of uninfected leaves of Little Club wheat was freeze-dried and extracted in the 
same manner as the spores. 

Individual amino acids were identified qualitatively by two-dimensional chromato- 
graphy on Whatman No. 1 chromatographic paper. The sample was developed first with 
80% phenol containing 0.04% 8-hydroxyquinoline, a small beaker of dilute ammonia 
being placed in the cylinder (11). The second solvent system was n-butanol — acetic 
acid — water 4:1:1 (12). The chromatogram was sprayed with 0.25% ninhydrin in 
n-butanol (13) to develop the color, or with isatin (14) to show proline and hydroxy- 
proline and to help identify other amino acids by color differences between the effects of 
the two sprays. 

The amino acid composition of the various races was determined as described by Moore 
and Stein (15). The concentration of amino acid in each fraction was estimated colori- 
metrically according to Moore and Stein (16) and Chinard (17). 

Bound amino acids were released from the residue of the aqueous extraction by a 20-hour 
hydrolysis in 6 N hydrochloric acid used in the proportion of 25 ml per g of original 
sample (18, 19). The hydrolyzate was filtered and the hydrochloric acid removed from 
the filtrate by evaporation under reduced pressure. After the removal of most of the 
hydrochloric acid, a small amount of fine precipitate was present in the aqueous solution. 
This substance was slightly soluble in the Moore and Stein buffer pH 3.42 used initially on 
the column and, unless it was removed, the separation of the amino acids was not distinct. 
The hydrolyzate, after filtration (or centrifugation), was taken to dryness and stored over 
sodium hydroxide pellets to remove any remaining traces of free acid. An aliquot of 
suitable size (representing 0.2-g uredospores) was dissolved in buffer pH 3.42 and placed 
on the Moore and Stein column as in the case of the extract. 

The individual amino acids in both the extract and hydrolyzate were identified by 
paper chromatography and by their position in the series of fractions from the Moore and 
Stein column. To calculate the percentage composition of a mixture of amino acids, the 
weight of each acid was expressed as a percentage of the total weight of the amino acids 
recovered from the column. This procedure was adopted to give a uniform basis of com- 
parison among races. 

After the over-all pattern of amino acid distribution had been noted, a synthetic 
mixture of amino acids was analyzed chromatographically to determine any limitations 
in the analytical methods. 


RESULTS AND DISCUSSION 


Each amino acid component of the synthetic mixture is recovered in essentially the 
same percentage of the total weight of amino acids in which it was present in the original 
mixture. When 10 mg of amino acids were applied to the column, 10.49 mg were recovered 
for an over-all efficiency of 104.9%. 

By summing the weights of the amino acids in the fractions collected, the following 
information on over-all amino acid composition of P. graminis uredospores was obtained. 
Free amino acids made up approximately 0.5% of the original weight of spores and acid 
hydrolysis released a further 11% by weight of combined amino acids. 

The proportions of free amino acids in the various races of rust studied are shown in 
Table I. Using the precision of recovery of the synthetic mixture as a model, appreciable 
differences in free amino acids were found between races. The variations in glycine and 
a-alanine contents separately, however, should be viewed with caution as the large amount 
of a-alanine present caused an overlapping of the peaks. There is also lack of resolution 
on the column of the peaks of tyrosine and phenylalanine. 
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TABLE I 
Free amino acids 
Little 
, Club 
Amino acid Race ll 11+15B 15B 15B+87 29 48 56 A* B* leaves 
Methionine 
sulphoxide — — — = — — _ 4.4 _ a 
Cysteic acid 8.2 9.9 9.3 5.8 9.7 8.4 12.4 6.3 10.2 — 
Aspartic acid 5.2 5.3 5.0 od 8.4 5.0 12.6 17.8 4.9 3.8 
Threonine — — — 2.7 — 2.5 — = --- , 
Serine 13.0 7.0 6.6 4.5 7.0 10.5 1.5 6.4 7.8 9.1 
Glutamic acid 10.6 3.9 ‘2 5 oe 3.0 17.0 a 1.9 5.7 5.6 
Proline Trace — — — — — Trace — — 5.6 
Glycine 5.2 1.8 10.4 0.2 0.3 3.3 0.6 0.6 1.3 0.8 
a-Alanine 22.0 37.6 28.0 31.2 29.7 18.6 41.3 19.4 18.2 17.6 
Valine 4.1 2.3 3.0 4.0 4.3 4.0 2.8 3.6 4.0 4.9 
Methionine 2.5 1.8 — 1.0 1.3 is 0.6 — 0.5 2.0 
Isoleucine 1.7 1.3 1.3 1.5 1.6 hut 0.7 1.2 1.2 2.3 
Leucine 2.1 1.5 1.4 1.6 2.1 2.0 3.0 1.6 1.4 3.3 
Tyrosine 2.6 1.5 1.8 4.0 2.6 3.5 Liz 2.2 3.4 3.8 
Phenylalanine 2.6 1 Be 2.7 2.8 4.0 2.3 3.8 3.0 2.0 6.2 
y-Aminobutyric 
acid 13.1 18.6 22.6 22.0 18.0 11.4 12.7 29.1 29.3 21.1 
Histidine 2.7 1.8 Trace 2.4 4.4 2.7 2.8 0.9 3.1 3.9 
Lysine 3.0 2.0 2.8 0.7 1.8 2.1 2.3 1.5 1.3 4.7 
Arginine 1.4 2.0 4.1 1.6 1.8 3.4 1.4 Trace 5.3 2.2 





*« Stem rust, field-collected and stored before analysis. 
*B Stem rust, field-collected. 


The greatest variation is shown by glutamic acid and aspartic acid. a-Alanine and 
glycine together show considerable variation although less is shown by the other a-amino- 
monocarboxylic acids, i.e. valine and the leucines. The other main constituent, y-amino- 
butyric acid varies considerably as does serine while somewhat less variation is shown by 
the basic amino acids and those containing a benzene nucleus. 

In contrast to the free amino acids, the bound amino acids in P. graminis uredospores 
are remarkably constant in composition from race to race. 





‘On the basis of the results presented here, it would appear that the free amino acid 
content of uredospores, although its quantitative determination is tedious, might be 
considered a useful method for differentiating among races of wheat rust. For example, 
race 56 might be identified through its lack of glutamic acid and high content of aspartic 
acid and a-alanine. Similarly, the presence of large amounts of glutamic acid and low 
content of a-alanine and y-aminobutyric acid might be used to identify race 48. 
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PHYSICOCHEMICAL STUDIES OF ALKALI LIGNINS 
I. PREPARATION AND PROPERTIES OF FRACTIONS! 


P. R. Gupta? anp D. A. I. GorING 


ABSTRACT 


Alkali lignin was prepared by cooking periodate lignin with sodium hydroxide. Fractionation 
by gradual decrease of pH was not possible as most of the lignin was precipitated sharply at 
pH 4.4. Fractionation could be achieved by addition of non-solvents such as acetone, dioxane, 
or ethanol to an alkaline aqueous solution of the lignin, but the initial fractions when separated 
could not be redissolved. This difficulty was overcome by using barium chloride as a precipi- 
tant when all the fractions remained soluble. X-Ray analysis revealed no difference between 
the insoluble and soluble fractions. 

The intrinsic viscosity of the fractions ranged from 0.027 to 0.585 g— dl. Reduced viscosities 
were considerably increased at lower ionic strength indicating that the molecule was a poly- 
electrolyte. The fractions possessed nearly constant methoxyl content (13%), visible absorp- 
tion (0.28 cm 1. g-! at 5460 A), U.V. absorption (18 cm=' 1. g~! at 2800 A), neutralization 
equivalent (1.3 meq g!), and electrophoretic mobility (—12.610-5 cm? v—! sec~). The 
partial specific volumes of a high and a low molecular weight fraction were 0.63 and 0.68 g™ 
ml respectively. 


INTRODUCTION 


Various methods have been used to fractionate lignins and lignin derivatives. Attempts 
to fractionate lignin include fractional precipitations (1-6), fractional solution (7-9), 
dialysis (10-12), partitioning between two immiscible solvents (13, 14), chromatographic 
separation (15, 16), molecular distillation (17), and ultrafiltration (12). 

Several early investigations on the isolation and purification of alkali lignin have been 
reviewed by Brauns (18) and Hagglund (19). In general, these workers were interested 
mainly in determining elementary composition and chemical constituents and no serious 
attempt was made to fractionate the lignin preparations as to particle size. 

As far as is known, there have been no systematic studies of the solution properties 
of alkali lignins analogous to the work of Gardon and Mason (20), Goring et al. (21, 22), 
and McCarthy et al. (23, 24) on lignin sulphonates. The present investigation deals with 
the fractionation and subsequent physicochemical characterization of the fractions. In 
this paper, the development of the method of fractionation is described and measure- 
ments of U.V. and visible absorption, methoxyl content, neutralization equivalent, 
electrophoresis, viscosity, and X-ray diffraction are reported. Succeeding papers (25, 26) 
will deal with ultracentrifugal sedimentation analysis and the size and shape of the 
macromolecule. 

Throughout the present work, emphasis has been laid on relatively mild treatment 
and careful purification. Cooking times were kept to the minimum required to render 
most of the lignin soluble. Ion exchange procedures, dialysis, and ultracentrifugation 
were used to purify the fractions from excess ions or colloidal debris. The difficulty of 
separating the alkali lignin from the soluble wood components was overcome by using 
periodate lignin as a starting material. Ritchie and Purves (27) have shown that the 
behavior of periodate lignin is similar to that of protolignin in many important respects, 
e.g., ethanolysis, hydrogenation, nitrobenzene oxidation, and bisulphite cooking. It is 
known that some methoxy] is lost but the phenyl propane chain is probably not broken. 

1Manuscript received August 4, 1959. 
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Periodate lignin was, therefore, regarded as a suitable starting material for physico- 
chemical investigations although comparison with lignins prepared directly from wood 
is planned as a subsequent extension of the work. 


EXPERIMENTAL AND RESULTS 

Materials 

Periodate lignin was isolated from white spruce by a method similar to that of Purves 
and co-workers (27-29). The preparation has been described in a previous publication (21). 

The sodium hydroxide solution was prepared from chemically pure reagent. Solvents 
were redistilled. Prior to distillation, dioxane was refluxed with sodium hydroxide pellets 
until no further brown precipitate was formed. The sodium bicarbonate — sodium hydrox- 
ide buffer was prepared by the method of Bates and Bower (30) to have an ionic strength, 
T/2, of 0.1 and pH 9.65. 


Preparation of Alkali Lignin 

About 100 g of the periodate lignin was homogenized manually in an agate mortar to 
pass a 150-mesh sieve. 

Digestion was carried out in a stainless steel autoclave of 1.2-liter capacity fitted with 
a motor stirrer (21). The digestion was of 15-minute duration at 162° C with 10% NaOH 
solution. The lignin to liquor ratio was 1:50. The autoclave was heated to 162°C in 
18 minutes, and cooled to room temperature in 5 minutes by immersing in cold water. 
The periodate lignin was first soaked with the cooking liquor in the autoclave for 17 
hours. The reaction mixture was deaerated by evacuation prior to soaking and auto- 
claving. After digestion, it was centrifuged at 2000 r.p.m. for 30 minutes to separate 
the insoluble residue. 

Lignin was precipitated from the centrifuged liquor by neutralizing with 20% HCl 
to pH 1.0. The precipitated lignin was washed with distilled ‘water to pH 3.0, at which 
point it started dispersing in the wash water. The dispersed lignin was recovered using 
a Sharples ultracentrifuge. The lignin was then neutralized with NaOH to pH 7.0, when 
it dissolved giving a clear solution. The neutralized solution was filtered through a 
medium, sintered glass crucible, freeze-dried, and finally desiccated over magnesium 
perchlorate to give flakes of alkali lignin which were soluble in distilled water and in 
dilute sodium hydroxide. 

The mother liquor from the acid precipitation of alkali lignin was light yellow in 
color and evidently contained some degraded lignin. This liquor was not investigated 
further. 

Two batches of the alkali lignin were prepared. The second of these batches was 
obtained from three successive cooks. About 20 g of the periodate lignin was used for 
each cook. The yields of the insoluble residue, precipitated lignin, and lignin soluble 
at pH 1.0 are given in Table I. The neutralization equivalent, Ng (meq of Na per g of 
the precipitated lignin required for neutralizing to pH 7.0), is also included. 


TABLE I 
Recovery of alkali lignin 











Lignin Insoluble Precipitated Soluble at Ne 
batch residue (%) (%) pH 1.0(%) (meq g™) 
1 13 68 19 1.09 


2 28 60 12 1.06 
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By Mohr’s titration, the chloride content of the precipitated lignin was less than 
0.1%, and Ng by flame spectrophotometric determination of Na was 1.03 meq g™. 


Fractionation 

An attempt to fractionate the alkali lignin dissolved in the buffer by gradual decrease 
of pH with HCI failed. Most of the lignin precipitated sharply at pH 4.4 and could not 
be separated into fractions. The precipitated lignin could be redissolved and reprecipi- 
tated with an increase and decrease in pH respectively. 

The lignin was then fractionated by adding non-solvents such as acetone, dioxane, 
or ethyl alcohol to aqueous solutions of the alkali lignin. A 2% solution of alkali lignin 
(batch 1, Table I) in the NaHCO;-NaOH buffer was thermostated at 25° C. Fractions 
were obtained by progressive addition of the non-solvents and centrifuging the lignin 
off at 2000 r.p.m. for 30 minutes. The last fraction was recovered by evaporating the 
mother liquor under vacuum at 40° C. The fractions were redissolved in water, purified 
by ion-exchange (Dowex 1X-8 and 50X-8), neutralized to pH 7.0, freeze-dried, and 
desiccated over magnesium perchlorate. The data on fractionation with acetone and 
dioxane are given in Tables II and III respectively. 




















TABLE II 
Fractionation by addition of acetone 
Acetone Wt. of fraction Yield Acetone Wt. of fraction Yield 
Fraction concn. (%) (g) (%) Fraction concn. (%) (g) (%) 
A-12 75 0.49 9.8 A-6 87 0.75 15.0 
A-2¢ 76 0.10 2.0 A-7 90 0.21 4.2 
A-3¢ 77 0.17 3.4 A-8 94 0.45 9.0 
A-4 79 1.50 30.0 A-9 == 0.90 18.0 
A-5 82 0.33 6.6 Loss (by 
difference) 0.10 2.0 
“Insoluble. 
TABLE III 


Fractionation by addition of dioxane 








Dioxane Wt.offraction Yield 








[n] 

Fraction concn. (%) (g) (%) (g dl) k’ 
D-1¢ 75 0.12 1.6 — — 
D-2¢ 79 1.93 26.0 —_ —_ 
D-3° —_ 0.86 16.5 0.073 0.78 
D-4 83 1.23 11.5 0.080 1.08 
D-5 85 0.48 6.4 0.051 1.16 
D-6 88 0.67 9.0 0.036 3.17 
D-7 — 1.85 24.8 0.027 7.66 

Loss (by 
difference) 0.31 4.2 -- — 
“Insoluble. 


bD-3 was obtained by extracting D-1 and D-2 with dilute NaOH solution. 


Invariably, the fractions initially precipitated by addition of non-solvents could not 
be redissolved in water or dilute NaOH. Fractionations with ethanol, similar to those 
in Tables II and III, produced insoluble initial fractions. Many variations of the pro- 
cedure were tried. These include (a) addition of excess salt, (b) addition of diatomaceous 
earth to prevent aggregate formation, (c) decrease or increase pH, and (d) rigorous 
exclusion of oxygen. In all cases, part of the lignin was rendered insoluble by the frac- 
tionation procedure. 
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It was then found that fractionation by addition of barium chloride was possible and 
that the initial fractions were no longer insoluble. The barium chloride fractionation 
was carried out at 25° C on 11 g of alkali lignin (batch 2, Table I) dissolved in 500 ml 
of 0.02 N sodium hydroxide solution and centrifuged at 40 10* g for 20 minutes. V/10 
BaCl,; was then slowly added to the continuously stirred solution until a turbidity 
developed. The mixture was stirred for 30 minutes after which the precipitate was 
separated by ultracentrifugation and dissolved in 0.1 N sodium hydroxide solution. A 
series of such fractions was obtained by progressive addition of barium chloride solution. 
The last fraction B-9 was obtained by evaporating the mother liquor. The fractions in 
solution were converted into neutral freeze-dried powders as described earlier. The data 
are given in Table IV. 


TABLE IV 
Fractionation by addition of barium chloride 














0.1 N BaCl, Wt. of Yield [n] 

Fraction added(ml) fraction (g) (%) (g- dl) k’ 
B-0¢ —- oa 0.105 2.02 
B-1 100 0.31 2.8 0.208 1.36 
B-2 50 0.40 3.6 0.234 1.48 
B-3 25 0.17 1.5 0.164 0.97 
B-4 25 1.43 13.0 0.136 1.26 
B-5 25 1.93 17.5 0.105 1.24 
B-6 25 1.85 16.8 0.084 1.56 
B-7 25 1.03 9.4 0.075 1.45 
B-8 50 1.06 9.6 0.066 1.54 
B-9 = 0.35 3.2 0.033 6.88 

Loss (by 
difference) a 2.47 22.5 — — 





*B-0 unfractionated. 


Subfractionations of fractions B-4 and B-5 (Table V) were carried out by similar 
methods using the lower lignin concentrations of 0.13% and 0.2% respectively. 


TABLE V 
Subfractionation of B-4 and B-5 by addition of barium chloride 











0.1 N BaCl, Wt. of fraction Yield 
Fraction added (ml) (g) (%) 
B-4-I¢ —_ 0.25 32.5 
B-4-II 50 0.29 37.7 
B-4-III — 0.23 29.8 
B-5-I 70 0.17 13.5 
B-5-II 40 0.48 38.1 
B-5-III 70 0.23 18.3 
B-5-1V a 0.38 30.1 





"Obtained by prolonged ultracentrifugation (2 hours at 150,000 g) of fraction B-4. 


Finally, a series of fractions was made from the fractions shown in Tables IV and 
V. Low molecular weight material was removed by dialysis through cellophane tubing 
against successive changes of buffer and distilled water. Very high molecular weight 
material was eliminated by prolonged ultracentrifugation. In some cases fractions were 
blended to give enough material for study. The fractions thus obtained were designated 
the F-series and are shown in Table VI. Fractions F-1, F-2, and F-9 were prepared 
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TABLE VI 
Fractions obtained by ultracentrifugal purification and dialysis 











n 
Fraction (g~! dl) k’ Source 
F-1 0.585 6.51 Described in the text 
F-2 0.294 2.48 Described in the text 
PF-2 0.20 — Described in the text 
F-3 0.133 1.59 B-1 and B-2 
F-4 0.125 0.86 B-4-II 
F-5 0.150 1.26 B-5-II and B-5-III 
F-6 0.083 2.02 B-6 
F-7 0.071 2.61 B-7 
F-8 0.059 2.54 B-8 
F-9 5.68 Described in the text 


0.042 





directly from the unfractionated material; F-2 and F-1 were obtained by two con- 
secutive extractions with buffer of the sediment produced by ultracentrifugation at 
150 X 10* g for 1 hour of a solution which had been centrifuged at 40 X 10° g for 1 hour; 
PF-2 was obtained on subsequent purification of F-2 by centrifugation and dialysis; F-9 
was recovered from the dialyzate of the unfractionated material. In all cases (except F-1, 
F-2, and PF-2) fractions were neutralized and freeze-dried to give soluble powders. The 
purpose of more rigorous purification of the F-series was to prepare a series of fractions 
for light-scattering measurements to be described in a subsequent paper (26). 
Viscosity 

Intrinsic viscosity determinations were made in the NaHCO;-NaOH buffer at 
25+0.01° C with Ubbelohde-type viscometers as described by Craig and Henderson (31). 
The precision of the data is illustrated by the graphs of ,,/c vs. c for the B-series shown 
in Fig. 1. From the ‘‘least square’’, lines [n] and the Huggins’ slope constant k’ were 


(grdt) 


78P 
C 


ol 





ce) 


e(9 dt") 
Fic. 1. nsp/c vs. ¢ in the NaHCO;-NaOH buffer (f/2 = 0.1: pH = 9.65) for fractions of B-series 


obtained. Values of [y] and k’ for the various fractions are given in Tables III, IV, and 
VI. The intrinsic viscosity is given here as a convenient method of characterizing the 
fractions. Detailed interpretation of [ny] and. k’ is reserved for a later paper (26). 
Although no barium could be detected in the purified fractions, it was considered 
possible that minute residual quantities of Bat+ might cause an anomalous increase in 
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[n] by promoting aggregation. Accordingly the intrinsic viscosity of B-0 was redeter- 
mined in buffer with a small amount of BaCl. added. Instead of an increase, [y] was 
reduced by 13% in the presence of barium probably because of the increased cationic 
strength of the buffer. This proved that if traces of Ba++ were present they would not 
cause erroneously high values of [7]. 


Polyelectrolyte Behavior 

Reduced viscosities were considerably increased with decrease in ionic strength and 
the characteristic polyelectrolyte upsweep of 7)/c at low concentration was found for 
fractions dissolved in buffer of ionic strength 10-> (Fig. 2). However, the effect was 
































0-3} 
. F-6 
— O-2+ 
3 
e F-8 
glo 
O-l} sh. 
—_ —— 
) 02 0-4 O6 08 ™) 


clg dt) 


FiG. 2. nsp/c vs. c in NaHCO;-NaOH buffer at ionic strengths of 0.1 (open circles) and 10~> (closed 
circles). 


less than that found with lignin sulphonates by Rezanowich and Goring (32). There- 
fore the use of ['/2 = 0.1 buffer was considered appropriate to depress the polyelectrolyte 
behavior, but a further small decrease in 7,,/c would be likely if the ionic age 
was further increased. 


Methoxyl, Neutralization Equivalent, and Light Absorption 

Methoxyl estimations were made by Tappi Standard Method 2M43. 

The neutralization equivalent was calculated from the sulphated ash obtained by 
igniting the samples with sulphuric acid at 750° C. 

Optical densities were measured with a Beckman DU spectrophotometer as previously 
described (21). Measurements were made at wavelengths of 5460 A and 2800 A using 
concentrations of 0.2 and 0.002 g dI— respectively. The solvent was the NaHCO;-NaOH 
buffer. Absorption was expressed in terms of the coefficient, e, given by 


[1] €e€= D/cd 


where D is the optical density, c the concentration, and d the cell length. Values of « 
together with methoxyl content and neutralization equivalent are given in Table VII. 


Electrophoresis 

Moving boundary electrophoresis was carried out in a Spinco Tiselius apparatus as 
previously described (22). The temperature of the bath was 0.8°C. Lignin fractions 
were dissolved directly in the NaHCO;—NaOH buffer. The electrical conductivity of the 
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TABLE VII 
Data on methoxy! content, neutralization equivalent, and light 
absorption 
- OCH; Ne €2800 €5460 
Fraction (%) (meq g') (cm 1. g™) (cm™ 1. g™) 

B-0 12.8 1.03 — — 
B-1 12.7 _ — — 
B-2 12.5 — — — 
B-3 12.7 — an — 
B-4 13.2 —_ — — 
B-5 13.4 — — — 
B-6 13.2 — — — 
B-7 13.1 -- = — 
B-8 13.0 oo i — 
B-9 11.3 1.12 18.4 0.22 
F-3 13.1 1.76 17.8 0.20 
F-4 13.0 1.68 16.5 0.17 
F-5 13.0 1.40 17.5 0.19 
F-6 13.3 1.06 18.7 0.21 
F-7 13.4 1.12 18.6 0.21 
F-8 13.5 1.06 18.5 0.22 
F-9 11.0 1.12 18.5 0.26 





solutions and buffer agreed within 2%. The duration of the run was about 2 hours. Peaks 
were clearly defined, though the patterns showed considerable spreading of the boun- 
daries. The velocity, dx/dt, of the maximum ordinate was determined with respect to the 
e or 6 ‘‘stationary”’ boundaries. Electrophoresis diagrams are given in Fig. 3 and mobilities 
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Fic. 3. Electrophoresis diagrams for some of the fractions; [/2 = 0.1; pH = 9.65; ¢ = 0.50% (except 
F-3 and F-4 with c = 0.41%). 
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calculated in the usual manner (33) are shown in the diagram near the appropriate 
peaks. 
X-Ray Analysis 
It was possible that the insolubility of initially precipitated fractions could be ascribed 
to the development of crystallinity by polymerization (34). This would be revealed by 
X-ray diffraction, as more ordered patterns would be expected in the insoluble fractions. 
X-Ray measurements were made using the technique described by Kouris, Ruck, and 
Mason (35). Exposures were of 4-hour duration with Cu K, radiation. Broad diffuse 
rings, indicating an amorphous structure, were obtained and there was no difference in 
the diagram for the soluble and insoluble fractions. Therefore, the insolubility could not 
be associated with the development of crystallinity. 


Partial Specific Volume 
The classical pycnometer method (36) was used to determine the partial specific 
volume, 3d, of the lignin fractions B-1 and B-6 in the buffer. A 5-ml Lipkin pycnometer 
(37) gave reproducible results with the usual precautions (38). Values of 6 for B-1 and 
B-6 were 0.63 and 0.68 g—! ml respectively. The reported values of 6 range from 0.61 
to 0.74 g-! ml (5, 39, 40). 
DISCUSSION 


The fact that the alkali lignin could be fractionated into a series of fractions with 
progressively decreasing viscosity demonstrates its polydisperse macromolecular charac- 
ter. The intrinsic viscosities range from 0.027 to 0.585 g—' dl. Such high [ny] values have 
not been reported earlier for alkali lignin. Recently, Goring and Rezanowich (21) obtained 
a similar range of [n] for lignin sulphonates prepared by fractional solution under relatively 
mild cooking conditions. It is very interesting that two entirely different processes for 
making the lignin soluble yield macromolecular solutes similar as to particle size. This 
would support the concept that lignin exists as a three-dimensional network structure 
(41, 42) which, when made soluble by a comparatively mild treatment, yields a wide 
range of molecular weights. 

The fractions were quite similar with regard to methoxyl content 13.1 (+0.3)% 
excluding B-9 and F-9. Constancy of methoxyl content has also been noted by Goring 
and Rezanowich (21), McCarthy and co-workers for non-dialyzable lignin sulphonates 
(24), and by Hess for fractionated native lignins (43). Values of methoxyl reported in 
the present work are higher as compared to lignin sulphonates but similar to native 
lignins. Gardon and Mason (12) reported low methoxyl contents in low molecular weight 
lignin sulphonates but further work showed that this was due to the presence of a small 
quantity of non-lignin organic impurity. The low values of 11.38% and 11.0% in B-9 
and F-9 respectively may have been due to this effect. In agreement with results for 
other series of lignins (4, 6, 21, 23) the U.V. absorption was also constant. Though 
there was a greater variation in visible light absorption from fraction to fraction, no 
clear maximum was found as in the case of lignin sulphonates (21). The average value 
of €2800 was 18.1 (+0.6) cm 1. g-! which is considerably greater than the corresponding 
value of 13.8 cml. g— for the sulphonates (21) and nearly equal to the absorption 
noted by Hess for fractionated native black spruce lignin (43). These results suggest 
that the quick alkali treatment did not destroy the essential structure of the lignin. The 
high U.V. absorption seems also to have some bearing on the question of degradation 
of the lignin by the periodate treatment. In the oxidation by periodate some methoxyl 
is lost (27). As suggested by Adler (44), if this is accompanied by opening of the aromatic 
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ring, then the proportion of aromatic to aliphatic carbon in the molecule will decrease, 
thereby altering the U.V. absorption. The good agreement of €2309 with the values for 
spruce native lignin indicates that periodate degradation of the aromatic portion of the 
molecule must be small. 

With one minor exception, single electrophoretic peaks were obtained (Fig. 3) similar 
to those for lignin sulphonate from a mild cook (21). Schubert et a/. (45) found the 
native and enzymatically liberated lignins from oak, maple, and cork electrophoretically 
homogeneous while Scots pine lignin showed only small secondary components. This is 
in contrast to the marked electrophoretic heterogeneity of lignin sulphonates degraded 
by prolonged cooking (21). Similarly, McCarthy and co-workers (46) have found several 
electrophoretically distinguishable components in the alkali degradation products of 
lignin sulphonates. Evidently, separation into electrophoretically distinct components is 
characteristic of degraded lignins and the homogeneity found in the present work is a 
further support for the relatively undegraded character of the fractions studied. 

The electrophoretic mobilities of the fractions studied were fairly constant. Migration 
was anodic and the mean U for the ascending and descending peaks were — 12.8 (+0.4) 
X10-> and — 12.4 (+0.3) X 10-° cm? v— sec respectively. Constant mobilities have also 
been observed by Goring et a/. (22) for lignin sulphonates with a wide range of intrinsic 
viscosities. In a later report (26) it is demonstrated that the alkali lignin macromolecule 
is compact and not free-draining. Thus the ionizing charge groups which produce electro- 
phoresis are probably near the surface of the macromolecule. Consistency of mobility 
suggests, therefore, identical surface charge densities, in spite of a large variation in 
size of the macromolecule. A fairly uniform charge distribution is indicated also by the 
failure to fractionate the lignin by addition of acid. A gradual decrease of pH caused 
most of the lignin to precipitate sharply at pH 4.4. This was probably due to the associa- 
tion of acidic groups on the molecule eliminating formal charges, the hydrophilic nature 
of which made the molecule soluble. The sharpness of the effect indicated that the 
ionizing groups were all of the same type and were probably —-COO~ since the pK values 
of many carboxylic acids lie around pH 4-5. The charged nature of the molecule was 
verified also by its polyelectrolyte behavior although the effect was less than that 
produced by —SO;- groups in lignin sulphonate (32). 

Fractional precipitation with non-solvents was intriguing as the initial few fractions 
became partially or completely insoluble. With acetone and dioxane about 45% and 
27% respectively of the lignin was rendered insoluble. The later soluble fractions appeared 
to be effectively differentiated with respect to molecular weights because [n] decreased 
in the usual manner. Thus the material which became insoluble was probably of a higher 
molecular weight. Schuerch (13) has found in ethanol lignin that the initial fraction 
(supposedly the highest molecular weight fraction), when precipitated from chloroform— 
ethanol mixture on adding aqueous ethanolic alkali, gave an insoluble product. A higher 
dilution and a better aqueous solvent system was suggested by him for the partitioning 
of higher molecular weight fractions in order to avoid insolubilization. 

In the present study an irreversible aggregation was considered as a possible cause 
for the insolubility of the initial fractions. To eliminate this, several variations of the 
technique were tried but without success. The precipitation was carried out in the 
presence of materials with large surface area such as diatomaceous earth, anion exchange 
resin (Dowex 1X-8; 200-400 mesh), or ball-milled glass. The idea was to provide nuclei 
for the precipitating lignin and decrease lignin-lignin contacts supposedly responsible 
for the aggregation. Diatomaceous earth absorbed lignin completely. Initially precipi- 
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tated lignin still became insoluble in the presence of the powdered glass or resin. It was 
also considered possible that some oxidation (18) would occur during fractionation in 
alkaline medium rendering part of the lignin insoluble. Insoluble fractions still resulted 
when the lignin solution was deaerated and fractionation was carried out under a nitrogen 
atmosphere. Anyway, polymerization would not be likely in the mild alkaline conditions 
of the experiments as the sample had already been subjected to strong alkali at 162° C 
during its preparation from periodate lignin. 

During the non-solvent fractionations it was noted that if the freshly precipitated 
lignin was removed immediately from the solution, it was still soluble. When the frac- 
tionation was carried out allowing time for equilibrium, the initially precipitated lignin 
was rendered insoluble. This result suggested that under the dehydrating conditions 
producing precipitation, irreversible lignin—lignin bonding developed with time in the 
high molecular weight material. Such an effect did not occur with the low molecular 
weight fractions even though the environment contained a greater proportion of non- 
solvent in the solution. X-Ray analysis revealed no greater order in the insoluble material, 
which showed that the insolubility was not associated with any tendency to crystallinity. 

Whatever the cause of this interesting effect, it is quite evident that, under certain 
conditions, alkali lignin tends to adhere to itself. Also the material which behaves in 
this way is the high molecular fraction which, analogous to the sulphonates (21), is 
probably extracted at the final stage of cooking. Partial delignification of wood with 
alkali would therefore be expected to leave some of this “‘sticky”’ lignin on the cellulose 
which may effect considerably the subsequent bonding properties of the fiber. 

Fractionation with Ba** as precipitant was comparatively successful as the initially 
precipitated lignin was no longer rendered insoluble and there was a regular decrease in 
viscosity of the fractions. Fischer and co-workers (18) while studying alkaline oxidation 
of lignin were able to precipitate lignin with barium and separated it into readily soluble 
and slightly soluble fractions. Fractionation with Ba** is not particularly selective and 
the fractions had a wide polydispersity as discussed in the following paper of the present 
series (25). Perhaps the polydispersity contributes to the solubility of the initial high 
molecular weight fractions with Ba++ as precipitant, assuming that the low molecular 
weight molecules peptize or disperse the high molecular weight material. 

Finally, it is worth while to consider how representative the fractions were of the 
lignin in the wood. The periodate lignin was 64% of the Klason lignin content of the 
white spruce used (21). However, the lignin lost in the periodate preparation was mostly 
colloidal material which should be representative of the protolignin. With careful recovery 
on a small scale, Purves and co-workers (27) have obtained a 97% yield based on Klason 
lignin. From the data in Table I, it is evident that the material fractionated comprised 
about 65% of the periodate lignin. After the lignin was cooked with sodium hydroxide 
about 20% remained insoluble and about 15% could not be precipitated at the low 
pH. The latter would probably have a low intrinsic viscosity, while the insoluble portion 
if dissolved by longer digestion may have a somewhat higher [y] than the values reported 
in this paper. The fractions used, therefore, corresponded to about 42% of the Klason 
lignin of the original wood and probably represented a ‘‘middle cut’ with respect to 
molecular weight produced in the cooking process. 
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PHYSICOCHEMICAL STUDIES OF ALKALI LIGNINS 
II. ULTRACENTRIFUGAL SEDIMENTATION ANALYSIS! 


P. R. Gupta,? R. F. ROBERTSON, AND D. A. I. GorRING 


ABSTRACT 


Ultracentrifugal sedimentation of alkali lignin fractions revealed marked boundary spread- 
ing at low and high centrifugal fields. An analysis of the gradient diagrams indicated a wide 
distribution of sedimentation coefficients ranging from 0.5 to over 400X107" second. There 
was only a small decrease in the polydispersity on subfractionation. The distributions were 
continuous with a single peak and positive skewness. A linear relationship was found between 
the intrinsic viscosity and the standard deviation of the weight-average sedimentation 
coefficient. The sedimentation coefficient based on the movement of the maximum ordinate 
at a field of 11.5X10* g was several times greater than the corresponding coefficient for the 
same fraction at 200X10*g. A qualitative interpretation of this phenomenon is given in 
terms of the Faxen and the Archibald solution to the Lamm equation. 


INTRODUCTION 


To interpret the physicochemical behavior of a macromolecule, a knowledge of the 
molecular weight distribution is a prerequisite. Theoretically, the sedimentation velocity 
method offers a direct measure of size distribution without recourse to fractionation. In 
practice, the technique is often unsatisfactory because marked concentration dependence 
in the sedimentation coefficient, s, masks the boundary spreading due to distribution 
in s. However in certain biological systems, e.g., enzymatically degraded glycogen 
(1, 2), there is only a small dependence of s on concentration and boundary spreading 
experiments can yield useful data on the molecular size distribution of a given sample. 
The present investigation deals with such an ultracentrifugal analysis of the fractionated 
alkali lignins described in the preceding paper of the present series (3). 

We could find only one previous report on the sedimentation of lignins and this was 
by Gralen (4). Diffuse single peaks were obtained for thio- and hypo-bromide lignins. 
Sedimentation coefficients calculated from the movement of the maximum ordinate 
were from 1.0 to 3.0 10-" second for the various fractions. The sedimentation diagrams 
were not analyzed for distribution of s, but Gralen noted that the fractions were poly- 
disperse because the peak spreading in sedimentation was greater than observed in 
diffusion. 

Recently, several workers (5-11) have reported wide polydispersity in lignin sulphonates 
fractionated by a variety of methods, and molecular weights as high as 138,000 were 
found. In contrast, the reported molecular weights of alkali lignin and other lignin 
derivatives are relatively low, i.e., up to 11,000 (12). Anticipating low molecular weights, 
the use of Archibald’s (13) modification of Svedberg’s (14) sedimentation equilibrium 
method was explored initially. To examine the applicability of this procedure, preliminary 
ultracentrifugal experiments were made at the lowest available rotor speed. It was found 
that even in this low field, sharp peak formation occurred indicating the presence of 
high molecular weight material. At centrifugal speeds, commonly used in velocity 
sedimentation experiments, a more diffuse peak was formed. A comparison of the move- 
ment of the peaks at the two speeds revealed an interesting discrepancy. Sedimentation 
coefficients based on the velocity of the maximum ordinate differed widely for the same 

1Manuscript received August 4, 1959. 
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fraction at two speeds. A technique was then developed in which the same solution was 
run successively at two speeds thereby providing a more complete picture of the distri- 
bution of sedimentation coefficients. 

The calculation of sedimentation coefficient distribution is an extremely laborious 
operation and the amount of labor depends on the degree of refinement used in the 
computations. The present study is the first of its kind to be made on any type of lignin. 
Therefore, it was decided to adopt certain approximations to permit the analysis of as 
many fractions as possible in the time available. The simplifying assumptions necessary 
for this are reported and discussed in the following sections. 


EXPERIMENTAL AND RESULTS 


The preparation and properties of the fractions studied are described in the first paper 
of the present series (3). Sedimentation measurements were made with Spinco Model E 
ultracentrifuge. The temperature was 26 (+0.5)° C. A double sector cell was used. One 
sector contained the solution while the other contained buffer which provided an accurate 
base line. A small quantity of methyl! blue was added to the buffer to make its trans- 
mission at 5460 A equal to that of the lignin solution. Phase plate optics were used and 
the schlieren angle was 45°. Unless otherwise stated, fractions were run at a concentration 
of 0.5 (40.02) g dl-' in NaHCO;—-NaOH buffer (pH = 9.65: ['/2 = 0.1). 

Measurements were made at 12,600 and 52,600 r.p.m. corresponding to 11.5X10* g 
and 200X10* g respectively. To allow for sedimentation during acceleration, one-third 
the acceleration time (15) was added to the time at the selected r.p.m. It was found 
possible to make the low and high speed measurements successively without stopping 
the ultracentrifuge. Usually six exposures at 4- or 8-minute intervals were taken at 
12,600 r.p.m. The rotor was then accelerated to 52,600 r.p.m. and six more pictures 
at 8-minute intervals were recorded. Sedimentation diagrams obtained in this manner 
at the high speed were identical with diagrams at the equivalent time based on un- 
interrupted acceleration from 0 to 52,600 r.p.m. 

Examples of sedimentation boundary gradient curves are shown in Fig. 1. The sedi- 
mentation coefficient, s,, defined by the velocity of the maximum ordinate, was obtained 





B-3 B-8 
530sec 1040 sec 
12,600r.p.m. 52,600r.p.m. 





























Fic. 1. Examples of sedimentation boundary gradient curves for fractions B-3 and B-8. The solvent 
was NaHCO;-NaOH buffer (pH = 9.65; ['/2 = 0.1). 
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from linear plots of logio x, vs. ¢ (Fig. 2) where x, is the distance of the maximum 
ordinate from the center of the rotor and ¢ is the time. The origin was not used as a 














t x10 (sec) 





Fic. 2. Plot of log xm vs. time for fraction B-3. 


point in order to eliminate the error due to the interval of time at which the peak remains 
at the meniscus (16). The small correction required to normalize s, to the viscosity and 
density of pure water at 25° C was neglected. Sedimentation coefficients, 51; and Smo, 
corresponding respectively to 12,600 r.p.m. and 52,600 r.p.m. are given in Table I. 


TABLE I 


Sedimentation coefficients of the fractions at a concentration of 0.5 (+0.02) g dl“ in NaHCO;-NaOH 
- buffer (pH = 9.65; ['/2 = 0.1) 











Smi X 108 Sm2 X 10% | Smi X 10% Sm2 X 10% 
Fraction (sec) (sec) 1] Fraction (sec) (sec) 
B-0 18.7 2.2 | B-5-I 42.1 . 
B-1 27.6 1.4 B-5-II 23.9 2.6 
B-2 26.5 i | B-5-III 17.9 2.6 
B-3 18.4 2.0 B-5-IV No peak 2.2 
B-4 17.6 2.2 
B-5 16.3 2.4 | F-3 19.9 2.3 
B-6 13.8 2.7 F-4 17.0 2.7 
B-7 11.4 2.6 F-5 18.0 2.8 
B-8 4.5 2.6 F-6 15.3 2.8 
B-9 No peak 0.7 || F-7 13.3 2.5 
| Fs 5.2 2.5 
B-4-I 39.2 a } F-9 No peak No peak 
4 4-II 17.0 2.4 
B-4-III No peak No peak | 





“Material sediments completely to the cell bottom. 
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Fic. 3. Reciprocal sm (Svedberg units) vs. ¢ at 12, ~ r.p.m. (top) and 52,600 r.p.m. (bottom). The 
solvent was NaHCO;-NaOH buffer (pH = 9.65; ['/2 = 0.1). 
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The concentration dependence of sedimentation coefficients measured in a few selected 
fractions is shown in Fig. 3. It is evident that for the high speed runs, s,, is independent 
of concentration, c, within the experimental error imposed by the diffuse shape of the 
peaks. At the low speed, some dependence exists, partially due to the changing viscosity 
of the solution (of the low molecular weight material) through which the heavier particles 
sediment. In B-5 and F-3, the least square lines were given by the empirical relation- 
ship (17-20). 


1/s = (1 /Sm) e~o(1+Rsc) 


where the constant k, was 0.53 and 1.61 g-'dl respectively. If s, is corrected for the 
viscosity of the solution, these values of k, change to 0.37 and 1.21 g~' dl. No correction 
was made for the concentration dependence of s in the low speed experiments, an 
approximation justified by the small ratio (15% on the average) of the material sedi- 
menting at 12,600 r.p.m. to that sedimenting at the higher speed. 


Distribution of Sedimentation Coefficients 

The distribution of sedimentation coefficients was determined by the method of 
Williams and others (17, 18, 21-26), from the progressive spreading of the boundary 
with time. The distribution function g(s) was obtained as a quantity such that the 
weight fraction of the material with sedimentation coefficients between s and (s+ds) 
was given by g(s)ds. An apparent distribution function g*(s), corresponding to discrete 
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Fic. 4. Extrapolation of g*(s) to infinite time for fraction B-1 at 52,600 r.p.m. (A) and at 12,600 r.p.m., (B). 
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values of x, was computed from (27) 
(1) g*(s) = (dc/dx) (w*tx*) (cox) 
where x, Xo, w, and Co are respectively the distance from the center of rotor, the position 


of the meniscus, the angular velocity, and the initial concentration. Each value of x 
corresponds to a definite sedimentation coefficient, s, given by 


(2] S—Sm = 2(x—Xm)/w*t(x +X). 


In eq. [1], dc/dx and co were replaced respectively by the refractive index gradient, 
dn/dx, and An, the difference in refractive index between solution and solvent. 

















800L 
© 52,600 rpm 
600 
= @ 12,600 rpm. 
3 
o 
se) 
x 400+ 
2 
o 
200}- 
-- Ni 
1 1 1 ZT @ 
ie) 20 40 60 80 100 
s xl0™ (sec) 


Fic. 5. Combination of distributions at 52,600 r.p.m. and 12,600 r.p.m. to give a single distribution 
curve for B-5. 
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Fic. 6. Distribution of sedimentation coefficients for fractions B-1, B-4, B-6, and B-8 respectively 
(bottom to top). The solvent was NaHCO;-NaOH buffer (pH = 9.65; ['/2 = 0.1). 
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In the initial experiments, the effect of diffusion was eliminated by plotting g*(s) 
(derived for discrete values of s) against 1/¢ as shown in Fig. 4. Such graphs were extra- 
polated as being linear (1) and from the intercepts at 1/¢ = 0, values of g(s) (i.e., 
g*(s),-.) were obtained (21, 22). 

From the data at the two speeds, two separate distributions of sedimentation coeffi- 
cients were found. These did not overlap, which suggested that the material sedimenting 
at the low speed was spun quickly to the bottom of the cell in ine 16 times stronger 
field at the high speed. The two graphs of g(s) vs. s could, therefore, be combined to 
give single smooth curves shown in Fig. 5 for fraction B-5. 

The distributions were all of the same type as shown in Fig. 6. They were characterized 
by a single maximum with positive skewness and varying proportions of heavy material 
in a wide range of s values. Curves were analyzed with an Amsler integrator (28). The 
null axis parallel to the ordinate gave the weight-average sedimentation coefficient, s,; 
the square root, o, of the second moment about the null axis was taken as a measure 
of the polydispersity (23). 

As noted by others (1, 2, 29, 30), the procedure of computing the distribution in s is 
very time-consuming. Even with the use of an electronic computer, about 40 man-hours 
were required to process the data at two speeds for one sample. In order to simplify 
the procedure, extrapolation to infinite time was abandoned. Instead an analysis was 
done on a single sedimentation diagram at each speed. The second or third picture at 
the slow speed and the final picture at the high speed were found imost suitable. The 
distribution for the two pictures were combined and analyzed as described above. The 
two methods were compared for several fractions and except for fractions heavier than 
B-3, the distributions obtained by the simplified method were nearly identical with 
those obtained by the detailed extrapolation method. The good agreement between s, 
and @ obtained by the two methods for five fractions is given in Table II. A fivefold 
reduction in time was achieved by this method. 


TABLE II 


Comparison of sy and ¢ computed by the detailed and 
simplified methods 








Sw X10'8 (sec) oa X10" (sec) 





Fraction Detaiied Simplified Detailed Simplified 





B-4 53 68 60 60 
B-5 32 28 43 42 
B-6 20 21 29 27 
B-7 15 15 22 22 
B-8 14 14 21 17 





In Table III, the value of co, s,, and [yn] are given for the fractions studied. Included 
is the most probable value of the sedimentation coefficient, s,, corresponding to g(s,), 
the maximum value of g(s) in the distribution curve. Fractions B-5-II and B-5-III 
(obtained by subfractionation of B-5) and F-3 to F-8 were analyzed by the simplified 
method. 


With the exception of fractions B-1 to B-3, the integral [> g(s)ds as measured by the 
area under a distribution curve was approximately unity. This represents a confirmation 
of the somewhat empirical technique of combining the distributions since the concen- 
tration term used in eq. [1] was not based on the sedimentation diagram but on the 
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known refractive index difference between solution and solvent. In the heavier fractions, 
the integral was less than unity, probably because even at the low speed some material 
sedimented quickly to the base of the cell. 


TABLE III 
Values of o, sw, Sp, g(Sp) and [n] for the fractions at 0.5 (+0.02) g dl“ 











oX108% = sy XK 10% Sp X10" [n] 
Fraction (sec) (sec) (sec) g(Sp) X107" (g— dl) 
B-1 59 46 2.5 50 0.208 
B-2¢ 59 46 2.5 50 0.234 
B-3 70 45 2.2 63 0.164 
B-4 60 53 70 0.136 
B-5 43 32 2.8 75 0.105 
B-6 29 20 3.0 85 0.085 
B-7 22 15 3.0 85 0.075 
B-8 21 14 3.0 108 0.066 
B-9 1 2.2 1.0 164 0.033 
B-5-II 32 32 3.8 40 
B-5-III 21 19 3.8 93 
F-3 54 35 2.5 69 0.134 
F-4 27 24 4.4 53 0.125 
F-5 44 30 3.4 63 0.150 
F-6 30 20 2.8 95 0.083 
F-7 28 17 2.8 112 0.071 
F-8 17 11 2.8 112 0.060 





“The sedimentation diagrams of B-2 were identical with those of B-1. No analysis was made of 
B-2 and the values of ¢, sw, Sp, and g(sp) were assumed to be equal in the two fractions. 


To avoid excessive computation, tiie distributions were not corrected for the con- 
centration dependence of s or the related Johnston—Ogston effect (31). The error caused 
by such an approximation would be expected to be relatively small because of the small 
dependence of s on ¢c quoted earlier. This point was further tested by measuring distri- 
butions on B-5 at four concentrations between 0.3 and 0.7 g dl-. The results in Table IV 


TABLE IV 


Concentration dependence of sy and 
for fraction B-5 








Concentration syX10"% o X10" 





(g dl“) (sec) (sec) 
0.65 23 30 
0.50 32 42 
0.41 25 44 
0.30 32 48 





show no clear trend in s, and the mean deviation is +14%. This large error is probably 
due to the fact that s, is a weight average and the difficultly measurable values of g(s) 
at large s, affect the result considerably. An increase in o with decrease in c is noted 
but the effect is small for the three low concentrations. The results confirm that the 
change in sy and « between concentrations of 0.5 g dl— and zero is not gross and legitimate 
comparison can be made in data for different fractions obtained at the same concentration 
of 0.5 g dI-. 
DISCUSSION 
The results indicate that the alkali lignins prepared in the present study had an 
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exceptionally wide range of particle size. Sedimentation coefficients from 0.5 to over 
400 X 10- second were recorded. Polydispersity was not unexpected since other lignin 
preparations (4-12) have been shown to be polydisperse. But such a wide range as 
indicated by the sedimentation data has not previously been reported. Probably the 
extremely high molecular weight species were obtained as a result of the mild method 
of preparation. However, strikingly similar results have been obtained in degradation 
studies of glycogen (1, 2, 30), amylopectin (30), and dextran (32-35). It has been shown 
by a number of workers (34, 36-39) that a random degradation of a branched or cross- 
linked network will produce a broad size distribution in the degradation products. Thus 
the data support the concept that lignin exists in wood as an extensive three-dimensional 
structure which undergoes random scission during the process of delignification. 

The data in Table III show that the B-series with barium ion as precipitant had a 
gradation in sy as in [y]. In this respect the fractionation was successful. Fractions were 
highly polydisperse although there was no indication of a discontinuous distribution in 
any of the fractions. It is further interesting that not only was the form of the distri- 
bution the same in all the fractions but s, was approximately constant at 2.9 (+0.5) X 10-" 
second. In contrast the value of g(s,) decreased in the heavier fractions and empirically 
1/g(sp) vs. [n] gave a roughly linear graph (Fig. 7). This result suggested that the low 
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Fic. 7. Graphs of 1/{g(sp)} vs. [y] and o vs. [n] for fractions shown in Table III. 


molecular weight, more soluble material was distributed relatively closely about a 
sedimentation coefficient of 2.9X10— second. In contrast, the high molecular weight, 
less soluble particles existed in an extreme range of size. Fractional precipitation pro- 
duced successive fractions with decreasing amount of the heavy material. Therefore, 
in addition to a gradation in [y], the initial fractions were more polydisperse as illustrated 
in Fig. 7 (except for B-1, B-2, and B-3) where o shows a regular increase with an increase 


in [n]. In the case of B-1, B-2, and B-3 f¢ g(s) ds was significantly less than unity which 
indicated that about 15% (on the average) of the material sedimented quickly to the 
bottom of the cell and did not contribute to the sedimentation diagrams. This may 
explain the reversal of the trend of increasing s and o with [yn] for B-1, B-2, and B-3 
(Table III). If an approximate correction is made based on the assumption that the 
proportion lost by rapid sedimentation had s values equal to the highest recorded in the 
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distributions, o increases to 105, 105,3 and 92X10-" second and s, increases to 133, 
133,35 and 133X10—* second for B-1, B-2, and B-3 respectively. 

There was a small decrease in polydispersity on subfractionation as shown by the 
lower values of o for F-4 and F-5 (Table III and Fig. 7) which were the subfractions 
of B-4 and B-5 respectively. It seems that fractionation with barium is not particularly 
selective as to particle size. Moreover, the initial heterogeneity of the material is so 
great that extensive refractionation may be needed to give homogeneous fractions. It is 
interesting that similar results, as to wide polydispersity and limited subfractionation, 
have been reported for glycogen by Bryce and co-workers (2, 30) and Stetten et al. 
(35). Purification of fractions B-6 to B-9 by dialysis and ultracentrifugation did not 
decrease the polydispersity significantly. Such treatment was, however, essential in order 
to prepare fractions for the light-scattering experiments (40) described in the following 
paper of the present series (41). 

The values of s, (Table I) obtained at the two centrifugal fields used differed by an 
order of magnitude. As far as is known this behavior has not yet been reported in any 
other system. It is probably not specifically associated with the lignin molecule but is 
a general phenomenon to be found in any widely polydisperse system in which the 
sedimentation rate is not dependent on the concentration. Roughly, one may say that 
at low speed, the high molecular weight material sediments through a constant con- 
centration of the low molecular weight component. At the higher speed, the heavy 
particles sediment rapidly to the cell bottom and the moving boundary is made up 
of smaller molecules. The foregoing analysis of the data is based on such a picture. More 
correctly, the phenomenon is probably due to the simultaneous presence of particles, 
some of which are large enough to obey the Faxen (42) solution to the Lamm (43) 
sedimentation equation while the others are smaller and are more appropriately described 
by Archibald’s solution (13). The resulting gradient pattern will then be a combination 
of the classical sedimentation equilibrium distribution in which the gradient decreases 
from the meniscus and the sedimentation velocity distribution in which a Gaussian 
peak moves down the cell. High speed will favor peak formation of smaller molecules 
and thus yield the smaller values of spo. 

The wide difference in s,; and Sp2 at the two speeds is in marked contrast to the 
sedimentation behavior in certain other systems. In the case of naturally occurring 
polyelectrolytes such as sodium desoxyribonucleate, sodium alginate, and sodium 
carrageenate, Goring and Chepeswick (44) found sedimentation coefficients constant to 
+1% for changes in the field from 44 X 10* g to 260 X 10* g. Similarly, Huque (45) noted 
no change in the sedimentation coefficient of cellulose trinitrate for a change in field 
from 39X10* g to 260X108 g. The above examples are those of linear extended macro- 
molecules which show a considerable concentration dependence. Thus the peak spreading 
due to diffusion and polydispersity necessary to produce the effect would be masked 
by the familiar peak sharpening (46) due to concentration dependence of s. It is probable 
that the difference between s,;1 and s,2 would be found in systems such as the glycogens 
in which the concentration dependence of s is small. A more detailed study of this effect 
will be reported in a later publication in which changes of s, with rotor speed are com- 
pared with similar data for a macromolecule known to be monodisperse. 

Finally, it is worth while to consider the limitations in the present method of obtaining 
the distribution in s. Although used by others on similar systems (1, 2, 30), it is question- 
able whether the Singer—Gross relationship (eq. [1]) can be applied under the conditions 


3See Table III. 
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described above. An analysis based on an exact theoretical treatment would be preferable. 
Such a treatment has never been presented and is beyond the scope of the present 
investigation. The approximate correctness of the results obtained by the present method 
is supported by the following: 

(1) The agreement between the results obtained by extrapolation to infinite time 
(detailed procedure) and the simplified method. 

(2) The fact that the slow and fast speed distributions did not overlap. 

(3) The value of unity found for the integral 4 g(s) ds after use of the refractive 
index differences corresponding to gravimetric concentration in eq. [1]. 

Further confirmation of the method was obtained by comparing the distribution of s 
for the original alkali lignin, B-0, with a combined distribution of all the B-series. As 
shown in Fig. 8, the agreement was reasonable in spite of losses during fractionation 
and purification. 





g(s)x 10sec) 














s xl0"(sec) 


Fic. 8. Comparison of the distribution obtained by summation of g(s) values of B-series fractions 
(dotted curve) with the distribution of the unfractionated lignin, B-O (solid curve). 


From the above, it is clear that future work in this field should include measurements 
with the synthetic boundary cell (47). Complications at the meniscus would be avoided 
and theoretical treatment of the boundary spreading would then be simplified. Also, 
values of s,, could be measured more accurately because of the initial sharp boundary. 

Discussion of the relationship between s, and [ny] is included in the following paper 
of the present series (41). 
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PHYSICOCHEMICAL STUDIES OF ALKALI LIGNINS 
III. SIZE AND SHAPE OF THE MACROMOLECULE! 


P. R. Gupta? anp D. A. I. GorING 


ABSTRACT 


Light-scattering measurements were made on the alkali lignin fractions described in a 
previous paper. The range of molecular weights found was from 50,000 to 48 X 10°. The usual 
logarithmic graph of intrinsic viscosity and molecular weight was linear and gave a value 
of 0.32 for the exponent. From the logarithmic sedimentation coefficient - molecular weight 
relationship, the exponent was found as 0.52. Flory’s hydrodynamic parameter #!P-! was 
2.3108. These results suggested that the configuration of the alkali lignin macromole- 
cule conformed to a structure between that of a random coil and an Einstein's sphere 
impenetrable to solvent. The branching parameter, g, introduced by Zimm and Stockmayer, 
decreased with an increase in molecular weight as expected. Most of the values of Huggins’ 
constant, k,’ were between 1 and 2 which indicated a compact particle. A marked increase 
in k’ was noted for fractions of low or very high molecular weight. The significance of the 
data is discussed and a model tentatively suggested for the macromolecule. 


INTRODUCTION 


Molecular weights of lignin derivatives reported in the early literature are usually 
between 250 and 11,000 (1, 2, 3). In contrast, McCarthy and co-workers (4) have recently 
obtained molecular weights as high as 138,000 in a light-scattering study of fractionated 
lignin sulphonates. Similarly, Gardon and Mason (5) reported M values as high as 58,000 
in lignin sulphonates fractionated by ultrafiltration and dialysis. In another study, Gralen 
(6) found molecular weights up to 34,000 for thioglycolic acid lignins by sedimentation 
and diffusion. In considering the discrepancy it must be noted that the low molecular 
weights were all obtained by one or other of the number-average methods. In addition 
to this, the earlier investigators used highly degraded lignin samples. 

The present paper deals with the light-scattering determination of molecular weights of 
alkali lignin fractions. As described in an earlier paper of the current series (7), the alkali 
lignin was prepared from a periodate lignin of white spruce by a relatively mild treatment 
and its properties may be regarded as being fairly close to those of the protolignin in the 
wood. Fractionation was achieved by precipitation with BaCle. 

Several proposals exist as to the chemical structure of lignin, but little information is 
available about its configurational behavior in solution. Recently, McCarthy et al. (4) 
and Gardon and Mason (5) both tentatively suggested a random coil for the lignin 
sulphonates. On the other hand, lignin in wood has been regarded (but not proved) to 
be a three-dimensional network structure. In the present investigation the relationships 
between the molecular weight, intrinsic viscosity (7), and weight-average sedimentation 
coefficient (8) are analyzed and a possible configuration for the alkali lignin macromole- 
cule is proposed. Certain hydrodynamic parameters are also derived and correlated with 
the size and shape of the macromolecule. 


EXPERIMENTAL AND RESULTS 


The alkali lignin fractions (except PB-0) investigated here are fully described in the 
first paper of the present series (7). Fraction PB-0 represented the remainder of un- 
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fractionated lignin, B-0, from which the large and small molecular weight material was 
removed by ultracentrifugation (2 hours at 150,000 g) and dialysis respectively. 

Light-scattering measurements were made with a Brice—Phoenix (9) photometer as 
modified by Huque ef al. (10). Fractions were dissolved in NaHCO;-NaOH buffer 
(pH = 9.65; [/2 = 0.1) and a series of five concentrations was obtained by diluting 
aliquot portions. Solutions were spun in the light-scattering cells in the SW 25.1 swinging 
bucket rotor of a Spinco Model L ultracentrifuge. The centrifugation times were from 
30 to 60 minutes at 2000 to 35,000 g. After light-scattering measurements, concentra- 
tions were measured spectrophotometrically. Usually there was no appreciable change 
from the initial gravimetric concentration except in F-3, F-4, and F-5 where there was 
a decrease of nearly 10%. The spectrophotometric concentration was used in light 
scattering. 

The photometer was calibrated with Ludox colloidal silica taking the precautions 
described in an earlier paper (11). The calibration was checked by a measurement of the 
molecular weight of bovine serum albumin (Armour Lot No. S 68004) in 0.1 N sodium 
chloride. A value of 68,500 was obtained which was in good agreement with published 
data (12-15). 

The refractive index increment, dn/dc, of the alkali lignin fractions was measured with 
a Brice—Phoenix differential refractometer for \ = 5460 A at 25° C. The instrument was 
calibrated with sucrose solutions using sodium light (A = 5890 A). The calibration was 
checked and found correct with an aqueous potassium chloride solution. The data on 
dn/dc are given in Table I. For the nine fractions studied dn/dc is fairly constant with 
a mean value of 0.218 (+0.004) g~' ml. In calculating the molecular weight of F-1, F-2, 
PF-2, and PB-0, the mean value of du/dc was used. 


TABLE | 


Light scattering and viscometric data for the fractions of — lignin dissolved in 
NaHCO;-NaOH buffer (pH = 9.65; ['/2 = 











[z] 5 [n] dn/dc 
Fraction MyX107? = (4453/2135) cao (A) (g7} dl) (g-! ml) 
F-1 48,0002 3.5 17002 0.585 oo 
F-2 47,000¢ 3.4 26002 0.294 = 
PF-2 10,000¢ 2.3 1350¢ 0.20 as 
F-3 1200 1.9 520 0.133 0.211 
F-4 1800 1.5 420 0.125 0.224 
F-5 1860 1.6 440 0.150 0.210 
F-6 610 1.6 440 0.083 0.222 
F-7 550 1.6 440 0.071 0.221 
F-8 290 1.5 420 0.059 0.219 
F-9 80 1.9 520 0.042 0.219 
B-0 2000 2:2 580 0.105 0.217 
B-9 50 1.8 500 0.033 0.215 
PB-0 450 1.6 440 = a= 





“These were calculated from Zimm plots and therefore § is the Z-average radius of gyration. For 
fractions F-1, F-2, and PF-2, values of § computed from dissymmetry for a spherical model are 700 A, 
700 A, and 590 A respectively. 


For most fractions molecular weights were determined by using Debye’s equation (16) 
(1] He/r = 1/My+2A20 


where H = 322°n?(dn/dc)?/3NX‘* and the symbols have their usual significance. The 
turbidity was evaluated from 90° scattering measurements by means of a calibration 
factor. Linear plots of Hc/r vs. c were extrapolated to zero concentration as shown for 


272 CANADIAN ,JOURNAL OF CHEMISTRY. VOL. 38, 1960 


HC 
= x 10° 























c x103(g mi~') 
4 
° fe} B-9 
° ° — 
HE x 10° 2) o " F-9 
+ u ae 
2 3 4 5 
¢ x10°(g mi!) 


Fic. 1. Hc/r vs. c for fractions of alkali lignin dissolved in NaHCO;-NaOH buffer (pH = 9.65; 


T/2 = 0.1). The abscissa scale for B-9 is shown X5. 

some of the fractions in Fig. 1. The dissymmetry, 2, was also measured at each concentra- 
tion and extrapolation to zero concentration gave the intrinsic dissymmetry, [z]. The 
reciprocal of (Hc/r)..9 gave the weight-average molecular weight, M,, which was then 
corrected for dissymmetry assuming a spherical model. For dissymmetries of about 1.9 
or less the choice of model does not alter the correction factor by more than 10% (17). 
Data on My, [z], and the radius of gyratioa, §, co nduted fron [2] fora spherical molecule 
are give1rin Table I. 

The dissy mmetry was large in the case of fractions F-1, F-2, and PF-2. Zimm plots, an 
example of which is shown in Fig. 2, were obtained for these fractions by plotting Kc/Ry 
vs. sin? @/2+kc, where K = 22°n?(dn/dc)?/NX* and the symbols have their usual meanings. 
The molecular weight was then obtained from the reciprocal of (Kc/Re)-,¢-0. From the 
slope and intercept of the extrapolated zero concentration line, the radius of gyration, 8, 
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Fic. 2. Light-scattering Zimm plot for fraction PF-2 dissolved in NaHCO;—-NaOH buffer (pH = 9.65; 
r/2 = 0.1). 
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was calculated to give the values included in Table I. In all cases, either from the Zimm 
graphs or the turbidity plots, the second virial coefficient, A2, was zero within the limits 
of experimental accuracy. 

Also included in Table I are the intrinsic viscosities of the various fractions as reported 
in the first paper of the present series (7). 


Absorption, Fluorescence, and Depolarization 

The alkali lignin solutions were all amber colored because of strong absorption of 
visible light. Correction for absorption was not required; attenuation of transmitted and 
scattered beams were equal because of the symmetry of the cell. 

The solutions were found to show considerable fluorescence which in some cases 
amounted to 20% of the emitted light. A high degree of fluorescence has also been noted 
for lignin sulphonates by McCarthy and collaborators (4) and Goring ef a/. (18). Rather 
than adopt the lengthy procedure described by Brice et a/. (19) a filter was sought which 
would eliminate from the emitted beam the longer wavelength component due to 
fluorescence. The most suitable was a combination of blue-green (Corning No. 4305; 
C.S. 4-71) and didynium (Corning No. 5120; C.S. 1-60), called henceforth the blue— 
didynium filter. This filter combination was found to transmit 26.5% of the 5460 A light 
and only 0.8% of the fluorescence. All light-scattering measurements were made with the 
blue—didynium filter in the analyzing nosepiece of the photometer. The proportion of 90° 
scattering due to fluorescent light was thus reduced to oa than 1%. No correction was 
made for this effect. 

Measurements were also made with the red filter (Corning No. 2424; C.S. 2-63, 
supplied with the instrument) which passes only fluorescent light. The galvanometer 
deflection, G;, due to fluorescence alone is given by G; = G,/T, where G, is the galvano- 
meter reading with the red filter in the nosepiece of the phototube and 7, is the trans- 
mission of the red filter to fluorescent light. 7, was dete:imined at the 90° position with a 
polaroid horizontal in the nosepiece, by the ratio of the galvanometer deflections with 
and without the red filter. From G; and the calibration factor, a ‘‘turbidity’’, 7;, equivalent 
to the fluorescent emission was computed. Therefore, r, may be regarded as a measure 
of the fluorescent intensity of a particular solution and 7,;/c becomes the fluorescence per 
gram of a given fraction. In Table II, values of r;/c for several of the fractions are com- 
pared with 7/c due only to scattering. Since the fractions were of different molecular 
weights, there is a considerable spread in r/c. This is in contrast to r;/¢ which was 
relatively constant with a mean value of 5.2+0.9. 


TABLE II 


Comparison of scattered and fluorescent light for alkali 
lignin fractions dissolved in NaHCO;-NaOH buffer 
(pH = 9.65; T'/2 = 0.1) 











r/c t1/C 
Fraction M,X10-3) =(g— micm™) (g7 ml cm~) 

F-3 1200 52.7 3.7 
F-4 1800 102.6 6.0 
F-5 1860 90.9 7.4 
F-6 610 33.5 5.5 
F-7 550 26.3 4.9 
F-8 290 15.2 4.1 
PB-0 450 23.8 5.0 





Depolarization of scattered light was small and no correction was made for this 
effect (20). 
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DISCUSSION 


In most of the early work (1, 2), soluble lignins have been regarded as low molecular 
weight compounds with M values lying between 250 and 11,000. The weight-average 
molecular weights given in Table I show that the above concept is quite inaccurate. 
Values of M, ranged from 50,000 to 48 X 10° proving that the alkali lignin of this investi- 
gation is definitely a macromolecule. There are two main reasons for this discrepancy. In 
the present study emphasis was placed on milder conditions of lignin solubilization where- 
as previous investigators used highly degraded samples. Perhaps the more important 
reason lies in the wide polydispersity of the fractions as shown by the spread in sedimenta- 
tion coefficients (8). As many of the earlier workers computed the molecular weights by 
number-average methods, their values would be lower than the weight averages obtained 
by light scattering, particularly in highly polydisperse preparations. In amylopectin and 
glycogen where a wide polydispersity similar to the alkali lignins is common, Erlander and 
French showed theoretically that the ratio M,/M, may easily be as high as 100 and 
this has been verified experimentally (21). 

Although no measurements similar to the present work have been reported for alkali 
lignins, support for their high molecular weight is to be found in several recent papers on 
the lignin sulphonates. Gardon and Mason (5) have reported number-average molecular 
weights up to 58,000 while McCarthy et al. (4) found light-scattering molecular weights 
as high as 138,000 for lignin sulphonates obtained by the usual acid sulphite procedure. 
Goring and Rezanowich (22) made soluble sulphonates by fractional solution of periodate 
lignin. The intrinsic viscosity of these fractions ranged from 0.035 to 0.34 g- dl (22), and 
light-scattering molecular weights of over 1X 10° were found (18). It appears, therefore, 
that alkali lignins as well as lignin sulphonates can be very high molecular weight 
substances. 

An important question concerns the origin of these soluble macromolecules. Does the 
lignin im situ exist as a high molecular weight network structure which gives soluble 
macromolecules on random degradation (2, 23, 24), or are the macromolecules produced 
by polymerization of relatively low molecular weight lignin during isolation (5)? The 
fact that the alkali lignins and the sulphonates beth possess high molecular weights 
supports the concept of an infinite network broken down by alkali or acid treatment. It 
seems unlikely that an initial polymerization could occur in both the alkaline and acidic 
conditions of lignin solubilization. The network structure of protolignin would explain 
its well-recognized insolubility and difficulty of separation from the carbohydrate moiety. 
Wardrop has shown that lignification takes place at a comparatively late stage in the 
development of the cell wall (25). If the protolignin is laid down as a three-dimensional 
network, part of this material is likely to grow around individual carbohydrate molecules. 
The resulting entanglement of molecular chains could make separation difficult or im- 
possible as in the case of the synthetic ‘‘snake cage’’ polymer mixtures (26). Thus it is not 
necessary to postulate chemical linkages between lignin and carbohydrate to explain their 
difficulty of separation (24). 

At this stage a reservation should be made because of the nature of the starting material 
in the present investigation. This was periodate lignin. It is possible that the periodate 
oxidation polymerizes the lignin during its isolation although all the properties of perio- 
date lignin suggest that this is not the case. For example, Purves ef al. (2) showed that 
periodate lignin was chemically similar to protolignin in respect of ethanolysis, hydro- 
genation, and nitrobenzene oxidation. It is also sulphonatable under the conditions of a 
standard bisulphite treatment (22). Moreover, in the present study 80% of the lignia was 
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made soluble in 15 minutes, which is a considerably shorter time than usually used in 
commercial delignification of wood under comparable conditions. If the lignin was 
polymerized by the periodate treatment, the reverse would have been expected. However, 
it is recognized that the present work should be supplemented with a similar study on 
lignin made soluble directly from wood to settle this point. 

The fluorescence measurements, as far as is known, are the first reported for a soluble 
lignin derivative. Fluorescence of organic compounds is a fundamental property, deter- 
mined by the presence and configuration of w-electrons in the molecule (27). In ligno- 
sulphonic acid, Hagglund (1) proposed that fluorescence may be due to a carbonyl group. 
However, if the lignin fractions form a polymeric series, the fluorescence being an intrinsic 
property should be identical from fraction to fraction per unit weight of the material. The 
data in Table II roughly support this concept where 7;/c over a wide range of molecular 
weight is constant within +17%. The variation could be due to experimental error 
introduced in measuring the small galvanometer deflections involved. 

The refractive index increment also has a similar characteristic value for a series of 
fractions. As shown in Table I, du/dc was essentially constant for the nine fractions 
studied. This may be compared with the previously obtained constancy of methoxyl 
content and U.V. absorption (7) and is a further proof of the chemical homogeneity of the 
fractions. It is interesting to note that the mean value of 0.218 g-! ml was higher than 
the usual values (28) for proteins (~ 0.19 g~' ml) or polysaccharides (~ 0.11 g™ ml) 
but similar to polystyrene (0.22 g-! ml). Actording to Freudenberg (1, 29), this may be 
due to the high proportion of aromatic nuclei in the alkali lignin. 

We may now consider a somewhat detailed interpretation of the quantitative relation- 
ships obtainable from the present data. The customary double logarithmic plot of intrinsic 
viscosity versus molecular weight is shown in Fig. 3. The graph is roughly linear with no 
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Fic. 3. Double logarithmic plot of intrinsic viscosity and weight-average sedimentation coefficient 
versus molecular weight. 
indication of regions of different slope. Also plotted logarithmically against the molecular 
weight is the weight-average sedimentation coefficient, s,, described in the preceding 
paper of the present series (8). From the two least square lines in Fig. 3 


[2] [n] = 1.16X10- M,°-? 
[3] Sy = 1.63X10-'5 M,°-®. 

The compact nature of the alkali lignin macromolecule may be inferred directly from 
eq. [2]. For a molecular weight of 10°, [n| = 0.1 g—' dl, which is small compared with the 
approximate values of 20 and 2 g~' dl respectively for nitrocellulose and polystyrene 


fractions of similar molecular weight. In eq. [2] the theoretical value of the exponent for 
linear coiled molecules is somewhat greater than 0.5 (30) while for Einstein spheres it is 
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zero (31). Similarly in eq. [3], the exponents expected for spheres (32) and random coils 
(33) are 0.66 and 0.44 respectively. In the present study it is clear that in both sedimenta- 
tion and viscosity, the hydrodynamic properties of the fractions fall between those of a 
random coil and a rigid sphere. This point may be further illustrated by computing the 
combined hydrodynamic parameter 6! P-! of Flory et al. (30) which is given by 


[4] @ p-! = Swin]*N no/Mé (1—dp,) 


in which the symbols have their usual significance. There was some spread in the data 
corresponding to individual fractions. If smoothed values for [y], sy, and My from Fig. 3 
are substituted in eq. [4], @°P— is found to be independent of molecular weight and equal 
to 2.3 X 10° which lies between 2.1 X 10° and 2.6 X 10°, these being the expected values for 
sphere and Gaussian coil respectively. 

The results described above may profitably be compared with similar data for systems 
which would be expected to be analogous to alkali lignin. For example, Granath (34) has 
found in a highly branched dextran, an exponent of 0.34 in the viscosity — molecular 
weight relationship which suggests a compact type of molecule. Bryce et al. (35) obtained 
an exponent of 0.63 in eq. [3] and concluded that glycogen molecules were essentially 
spherical. Further, they observed only a very small increase in viscosity with a large 
increase in molecular weight, thus giving additional confirmation of the compact nature 
of the particles. In an earlier investigation on lignin sulphonates, Gardon and Mason (5) 
found an exponent of 0.47 in eq. [2]. Interestingly, the point for their highest molecular 
weight fraction was considerably below the log-log line of 0.47 slope and indicated a 
lower exponent for the higher molecular weights. These fractions were prepared from a 
commercially spray-dried waste sulphite liquor and were of fairly low molecular weight 
compared with the fractions in the present study. 

The intrinsic viscosity and molecular weight data may also be analyzed in terms of the 
branching parameter, g, introduced by Zimm and Stockmayer (36). This factor represents 
the ratio of the squares of the unperturbed radii of gyration of branched and unbranched 
molecules having the same molecular weight and is given by 


[5] [n] = K*g?? Mas 


where a is the expansion factor arising from the polymer-solvent interaction and K* is a 
constant for a given polymer series. Equation [5] is theoretically valid when the solution 
obeys van’t Hoff’s law, i.e., when a = 1 (37). Such conditions of ideality hold at the 
6-temperature or when the second virial coefficient, 42, is independent of concentration 
in light scattering. In the present work, 2 was zero for all the fractions studied. Thus 
the expansion factor is unity and g may be computed from eq. [5] if K* is known. To 
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Fic. 4. Graph of [n]#/M,! vs. My/{n] using smoothed values of intrinsic viscosity and molecular weight. 
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derive K*, a plot of [y]?/M?# vs. M/[n] was made as suggested by Wales ef al. (38). Figure 4 
shows such a plot with the present data. In the limit M/[n]-~+0, g becomes unity and 
[n]'/M* approaches K*!. From the intercept, K* was found to be 1.25X10-‘ and values 
of g computed for smoothed values of [n] and M, are given in Table III. The factor g is 
seen to decrease with increase of molecular weight as anticipated for a branched 
polymer (37). 


























TABLE III 
Values of g computed from smoothed [n] and 
M,, data 
[n] 
(g— dl) M,X10-% g 
0.251 20,000 0.59 
0.20 10,000 0.64 
0.145 4,500 0.67 
0.096 1,000 0.85 
0.066 360 0.92 
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Fic. 5. Variation of Huggins’ constant k’ with intrinsic viscosity for alkali lignin fractions dissolved 
in NaHCO;-NaOH buffer (pH = 9.65; T'/2 = 0.1). The fractions are described in detail in the initial 
paper of the present series (7). 


The variation of viscosity with concentration as expressed by the Huggins’ coefficient 
k’ (39) has been used as an indication of branching in a macromolecule (40-42) though 
recently some doubt has been expressed as to the validity of this interpretation (43). 
However, because of its widespread use, it may be worth while to consider the changes in 
k’. The values of k’ (cf. Tables III, IV, and VI in the first paper of the present series (7)) 
are plotted against [n] in Fig. 5 for 22 fractions of alkali lignin. For most of the fractions, 
k’ lies between 1 and 2. According to Eirich and Riseman (44), such values of k’ would 
suggest a compact structure for the lignin macromolecule. Recently Arlt and Schuerch 
(45) suggested branching in ethanol lignins based on k’ values. 

As shown in Fig. 5, considerably higher k’ values were found for the lowest and the 
highest molecular weight fractions. It is interesting that a similar minimum in k’ was 
obtained by Senti e¢ al. (46) with acid-hydrolyzed dextran but no explanation was given. 
The increase at different ends of the molecular weight range is probably due to different 
phenomena. According to Cragg and Manson (47), for the fractions of a given polymer 
sample containing cross-linked species, cross-linking should be mest intensive in the 
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fractions of highest intrinsic viscosity and k’ should be highest when [n] is highest. On the 
other hand, an increase in k’ for very low molecular weight can be attributed to the transi- 
tion from a random coil to the rigid linear form (48, 49). It may be noted, in passing, that 
for a polyelectrolyte, k’ is a function of the ionic strength of the solution. Goring and 
Rezanowich (50) have found &’ for a lignin sulphonate to increase from 1 to 400 for 
change in the ionic strength of 1 to 2X10-5 M. In the present investigation, ['/2 was 
maintained constant at 0.1, an ionic strength which would suppress the polyelectrolyte 
effect almost completely. Therefore the changes in Huggins’ coefficient k’ are probably 
related to change in the configuration or rigidity of the alkali lignin macromolecule at the 
extremes of molecular weight. 

The radii of gyration (Table I) show that some of the fractions contained particles of 
appreciable size. There appeared to be no regular trend of § with molecular weight. Similar 
observations have been reported for glycogen by Stetten ef al. (51). A probable reason for 
this is that the Z-average dimension obtained by light scattering is sensitive to the wide 
polydispersity of the fractions. Therefore the values of § in Table I are to be regarded 
as giving only an approximate measure of the dimension of the macromolecule. A more 
detailed consideration of the size must await data obtained for sharper fractions. 

The alkali lignin molecule, thus, emerges as a polydisperse entity with the hydrodynamic 
behavior between that of a solid sphere and a Gaussian coil. These molecules are probably 
formed by random degradation of a three-dimensional network, i.e., protolignin. If the 
network is cross-linked, protolignin can then be regarded as a gel. Solubilization consists 
of breaking down the gel by hydrolytic degradation into microgel particles and at the 
same time producing hydrophilic groups on the gel. In the case of alkali lignin, these may 
be carboxylic or phenolic groups while in lignin sulphonate, the sulphonic acid group 
would supply a hydrophilic character. According to this picture, lignin derivatives made 
soluble by a mild procedure consist of particles of microgel, some of which would be large 
enough to correspond to the high molecular weights noted. In the loosening of a particular 
piece of gel fron the mother matrix, links between the chains near the edge may be 
broken and the chains frayed apart. These loose cliains would also bear most of the hydro- 
philic groups of the molecule. The microgel particle would be surrounded by a layer of 
loosely coiling chains which would be free to move about in the liquid. This halo of 
randomly coiling material would impart to the molecule a partly Gaussian character. It 
would also permit a certain degree of polyelectrolyte expansion as noted both in the alkali 
lignin (7) and the lignin sulphonates (18). 

It must be emphasized that the results described above do not define the system 
unambiguously. The model proposed is therefore only tentative. It is possible that 
changes in axial ratio occur, particularly at the extremes of molecular weight. Here, an 
electron micrograph study of the high molecular weight material might be useful. Such a 
study is planned. It should also be pointed out that the variation of the sedimentation 
constant and the intrinsic viscosity with the molecular weight can be affected by the 
polydispersity of the fractions. However, M, and sy are both weight averages while the 
viscosity average is usually regarded as being equivalent to weight average. Thus the 
conclusions based on a comparison of these quantities are probabiy qualitatively valid 
although any further detailed interpretation must be postponed until more critical 
fractionation procedures have been developed. 
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STRUCTURE OF AN ARABOGALACTAN FROM TAMARACK 
(LARIX LARICINA)!? 


G. A. ADAMS 


ABSTRACT 


A water-soluble polysaccharide containing L-arabinose and D-galactose in a molar ratio 
1:3.8 was isolated from tamarack. Fractionation with ethanol from aqueous solution yielded 
one main component which was judged to be homogeneous on the basis of electrophoresis 
and sedimentation data. Hydrolysis of the fully methylated polysaccharide yielded, 2,3,5-tri- 
O-methyl-L-arabinose (2 moles); 2,3,4,6-tetra-O- methyl-p-galactose (16 moles); 2,5-di-O- 
methyl-L-arabinose (5 moles); 2,3,4-tri-O-methyl-L-arabinose (5.5 moles); 2,3,4-tri-O-methyl- 
p-galactose (11 moles); 2,4,6-tri-O-methyl-p-galactose (3 moles); 2,6-di-O-methyl-p-galactose 
(1 mole); 2,4-di-O-methyl-p-galactose (20 moles); 2-O-methyl-p-galactose (3 moles). 

— structures for the arabogalactan are proposed and discussed on the basis of these 
results. 


Complex polysaccharides composed of galactose and arabinose units occur abundantly 
in the larches (1-6) and to a lesser extent in several other coniferous trees (7-11). 
Among those occurring in larches the structure of the arabogalactan of the western larch 
(Larix occidentalis) has been studied by White (5, 12-14) and that of the e-galactan of 
European larch (Larix decidua) by Campbell et al. (15) and Aspinall et al. (16). Arabo- 
galactans from the coniferous trees Jeffrey pine (Pinus jeffreyi), jack pine (Pinus 
banksiana), and white spruce (Picea glauca) have been studied by Wadman et al. (9), 
Bishop (10), and Adams (11) respectively. 

Structural studies, to be meaningful, require a homogeneous polysaccharide, and the 
problem of isolating such a material and establishing its homogeneity is a difficult one. 
The heterogeneity of the arabogalactan from western larch was demonstrated by 
Peterson et al. (17), and the e-galactan of European larch was shown to be heterogeneous 
by Campbell et a/. (15). White made a detailed structural study of the arabogalactan of 
western larch and regarded his material as homogeneous (5). However, Campbell et al. 
claim that the data could be interpreted as indicating heterogeneity of the original 
polysaccharide (15). On the other hand, the arabogalactans isolated from Jeffrey pine (9), 
jack pine (10), and white spruce (11) were shown to be homogeneous by all acceptable 
criteria. 

This investigation was concerned with the isolation and structural features of an 
arabogalactan isolate? from tamarack (Larix laricina (Du Roi) Koch). 

The crude polysaccnaride was extracted from extractive-free tamarack wood in 5.6% 
yield with water at room temperature. Purification was achieved by fractional precipita- 
tion from aqueous solutions with ethanol. The results were plotted graphically and the 
curve obtained is shown in Fig. 1. The shape of the curve is indicative of a single main 
component which was precipitated when the solution had attained an ethanol concentra- 
tion of 50-60%. Further evidence of the homogeneity of the polysaccharide was provided 
by electrophoretic and sedimentation patterns shown in Fig. 2. Single, relatively sharp 
peaks in both the electrophoresis and sedimentation curves are indicative of a single 
homogeneous component. 

1Manuscript received October 2, 1959. 

Contribution from the Division of Applied Bioiogy, National Research Council, Ottawa, Canada. 

Issued as N.R.C. No. 5483. 


2Presented before the Symposium on Wood Hemicelluloses, Division of Cellulose Chemistry, 136th Meeting, 
American Chemical Society, Atlantic City, N.J., 1959. 
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Fic. 1. Ethanol fractionation of water-soluble polysaccharide from tamarack. 
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Fic. 2. (A) Sedimentation diagram of tamarack arabogalactan. Upper curve 0.5% solution (borate 
buffer 0.05 M), lower curve 1.0% solution, rotor speed 59,780 r.p.m., photograph taken 83 minutes after 
attaining full speed, direction of sedimentation left to right. 

(B) Electrophoresis diagram of tamarack arabogalactan. Polysaccharide solution, 1.0% in 0.05 M 
borate buffer. Photograph taken 67 minutes after appearance of initial boundary. 





The purified polysaccharide comprised 84% of the crude polysaccharide and contained 
arabinose and galactose in a molar ratio of 1:3.8. The specific rotation [a]; +11° corre- 
sponded closely to those reported for larch arabogalactan [a]; +11° to +15° (17). 
However, the molar ratio of the two component sugars is considerably different from the 
1:6 L-arabinose to D-galactose ratio reported for the arabogalactans from larches (2, 14, 
16, 17). 

Sedimentation data as determined in the ultracentrifuge gave an approximate mole- 
cular weight of 50,000. Reported molecular weight values by Mosiman and Svedberg (18) 
on the component polysaccharides of ¢-galactan showed that two polysaccharides were 
present having approximate molecular weights of 16,000 and 100,000 respectively. 
Examination of e-galactan in the ultracentrifuge by Aspinall et al. (16) showed only one 
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molecular species but no molecular weight estimations were made. The molecular weight 
of the arabogalactan of Jeffrey pine was approximately 100,000 and the polysaccharide 
was markedly polydisperse as determined from sedimentation data (9). It seems clear 
that considerable variation occurs in the molecular dimensions of arabogalactans from 
different species of wood. 

The tamarack arabogalactan was methylated and the methyl! ether was subjected to 
methanolysis and hydrolysis. The methylated sugars were separated chromatographically 
on a Celite column (19). Fractions that were still mixtures were refractionated by repeated 
column and paper chromatography. The purified methylated sugars were characterized by 
their physical properties and preparation of characteristic crystalline derivatives. The 
amounts and molar ratios of the various methylated sugar components are given in 
Table III. Comparison cf the ratio of methylated arabinose to methylated galactose 
(1:4.5) with that of the arabinose to galactose ratio (1:3.8) in the original polysaccharide 
showed that some galactose units were lost during methylation and hydrolysis 

On the basis of the methylation studies, the arabogalactan must contain the following 
units: 
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There are a number of ways in which these units may be joined together and no unique 
structural formula can be deduced from these data. However, certain constitutional 
features become evident, and on the basis of these some possible structures are proposed. 

The large proportion of VIII showed that there was a predominance of 1-3 and 1-6 
linkages between the galactose units of the molecule. It is possible to envisage repeating 
units composed of 1—6 linked units or 1-3 linked units or a combination of both. 
Possible structures involving the main components are shown in A, B, and C. Structure A 
would have a predicted periodate consumption of 1.17 moles, and a formic acid production 











ADAMS: STRUCTURE OF AN ARABOGALACTAN 283 


— Ga l+— 6Gal— 6Gal — 6Gal — 6Gal —|-6Gal 





3 3 3 3 
t t T T 
1 1 1 1 
Ga Ga Ga Ay 
6 6 6 3 
tT Tt Tt T 
Ga Ga Ga Ap 


Methylated sugars 
moles, found 


2,3,4 Me;Ga 3X5 = 15 moles 11.0 
2,3,4,6 MesGa 3X5 = 15 moles 16.0 
2,4 Me,Ga 4X5 = 20 moles 20.0 
2,5 MesAr 1X5 = 5 moles 5.0 
2,3,4 Me3;Ar 1X5 = 5 moles 5.5 
Periodate consumed 1.17 moles/mole 


Formic acid produced 0.6 mole/mole 


STRUCTURE A. 


Ga Ga Ga A, 
1 1 1 1 
| | L 1 
6 6 6 3 

Ga Ga Ga Ay 
1 1 1 1 
{ | | | 
6 6 6 6 


—— Gal——3Gal — 3Gal — 3Gal — 3Gal——-3Ga 





Methylated sugars, 
moles, found 


2,4 MesGa 4X5 = 20 moles 20.0 
2,3,4 Me;Ga 3X5 = 15 moles 11.0 
2,3,4,6 Mes,Ga 3X5 = 15 moles 16.0 
2,5 MesAr 1X5 = 5 moles 5.0 
2,3,4 Me3;Ar 1X5 = 5 moles 5.5 
Periodate consumed 1.17 moles/mole 


Formic acid produced 0.6 mole/mole 


STRUCTURE B. 


of 0.6 mole per anhydrohexose unit. These values are in close agreement with the experi- 
mental values of 1.16 moles of periodate and 0.51 mole of formic acid. However, the 
amount of 2,3,4-tri-O-methyl-p-galactose produced on hydrolysis of the fully methylated 
polysaccharide would be 50% greater than the amount found by experiment. Structure B, 
which is based on a main core of 1-3 linked p-galactose units, has the same objections as 
that of Structure A. Structure C, which combines 1-3 and 1-6 linked p-galactose units 
in the same chain, also gives values for calculated periodate consumption and formic acid 
production which agree closely with the experiment values. In addition, the proportions 
of methylated sugars are in reasonably good agreement with those found experimentally. 
It seems likely that the repeating units of the polysaccharide have a generalized structure 
similar to that of C. More details will have to await the results of fragmentation studies 
now in progress. 
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— 3Gal—j— 6Gal — 6Gal — 3Ga1l——3Gal — 3Gal — 3Ga1—j— 6 Ga — 


6 6 6 6 
tT T T t 
1 1 1 1 
Ga Ga Ga Ay 
3 
T 
1 
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Methylated sugars, 
moles, found 


2,4 MesGa 4X5 = 20 moles 20.0 
2,3,4 Me;Ga 2X5 = 10 moles 11.0 
2,3,4,6 MesGa 3X5 = 15 moles 16.0 
2,5 MesAr 1X5 = 5 moles 5.0 
2,3,4 Me3Ar 1X5 = 5 moles 5.5 


Periodate consumed 1.09 moles/mole 
Formic acid produced 0.5 mole/mole 


STRUCTURE C. 


Branching occurs in the 1-3 linked D-galactopyranose units also at Cy) (as shown by 
the presence of 2,6-di-O-methyl-p-galactose), although with a frequency of 1 in 20 com- 
pared with the branching through C¢). In addition, a small number .of 1-3 linked 
D-galactose units are unbranched as shown by the presence of a small proportion of 
2,4,6-tri-O-methyl-p-galactose. The presence of 2-O-methyl-p-galactose showed the 
presence of triply branched p-galactose units [X. Although incomplete methylation of the 
polysaccharide and demethylation on hydrolysis may contribute to the presence of a 
monomethyl galactose, the presence of a relatively large amount suggests that it has a 
structural significance and actually originated from triply branched galactose units in 
the polysaccharide. 

The number of units (27) forming branch points (VII, VIII, and IX) are in only fair 
agreement with the number of terminal units (23.5) (I, I1, and IV) and indicate that some 
end group has been lost. 

Jones (20) has identified the disaccharide 3-O-L-arabopyranosyl-L-arabinose as a product 
of partial hydrolysis of larch 8-galactan. Although this disaccharide was not isolated from 
the partial hydrolyzate of tamarack arabogalactan, chromatographic examination showed 
a disaccharide containing arabinose units and having the same mobility on paper as that 
reported by Jones (20). It seems reasonable, therefore, that this unit is present in this 
arabogalactan and that it would give rise to approximately equimolar amounts of 
2,3,4-tri-O-methyl-L-arabinose and 2,5-di-O-methyl-L-arabinose. 

Single terminal arabofuranose units I attached to the galactose structure were released 
as free arabinose on acid hydrolysis and appeared as 2,3,5-tri-O-methyl-L-arabinose after 
methylation and hydrolysis of the polysaccharide. 

Estimation of the periodate consumed and formic acid produced by the polysaccharide 
on the basis of the linkages found by methylation gave a value of 1.01 moles of the former 
and 0.49 mole of the latter per mole of anhydro-p-galactose residue. The experimental 
values (1.16 moles of periodate and 0.51 mole of formic acid) were somewhat higher than 
the calculated values and indicated that some end group or 1,6 linked p-galactose residues 
had been lost. Hydrolysis and chromatography of the periodate-oxidized polysaccharide 
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showed that a large number of galactose units and some arabinose units had not been 
oxidized. Galactose units which were linked 1-3 and also 1-6 linked units which were 
branched at C; would account for the unoxidized galactose. The unoxidized arabinose 
units must have been those which gave rise to 2,5-di-O-methyl-L-arabinose after methyla- 
tion and which presumably were substituted in the C; position by an arabopyranose unit 
in the polysaccharide. 

The change in specific rotation on hydrolysis of the methylated polysaccharide from 
[a]?° —45° to +85° indicated that the glycoside bonds were mainly in the 6 configuration. 

The tamarack arabogalactan has structural features that are very similar to those from 
other woods, particularly the other larches (5, 15, 16). The main characteristics are a high 
degree of branching through positions 3 and 6 of the anhydro-p-galactose units. The 
tamarack arabogalactan resembled most closely the e-galactan of European larch (16) in 
which most of the arabinose units are in the pyranose form. The arabinose units in 
arabogalactan from western larch (13), jack pine (10), and white spruce (11) are all in the 
furanose form and are terminal in the molecule. Recently, however, the presence of 
3-O-8-L-arabopyranosyl-L-arabinose has been reported in western larch arabogalactan (21). 


EXPERIMENTAL 


All specific rotations are equilibrium values unless otherwise stated, melting points are 
corrected, and all evaporations were done at 35° C or less. 


Paper Chromatography 

Chromatographic separations were carried out using the following solvent systems 
(v/v ratios): (A) pyridine:ethyl acetate:water (2:1:2); (B) methyl ethyl ketone: water 
(2:1); (C) ethanol: benzene: water (47:200:15); (D) n-butanol:ethanol: water (40:11:19); 
(E) ethyl acetate: acetic acid: formic acid:water (18.3:1:4); and (F) ethylacetate:acetic 
acid:water (3:1:3). Separations were made by the descending technique on Whatman 
No. 1 filter paper. Sugars were located on the paper by p-anisidine hydrochloride spray 
reagent (22). 


Preparation of the Polysaccharide 

A 47-year-old log of tamarack (Larix laricina (Du Roi) Koch) was stripped of its bark 
and planed into shavings which were passed through a Wiley mill. The milled wood was 
screened, and the fraction passing through 40 mesh and retained on 100 mesh was used. 
This material was exhaustively extracted with benzene: ethanol (2:1), then with ethanol, 
and was dried in air. The extracted wood meal (807 g) was added to water (14 liters) and 
stirred continuously for 24 hours at. room temperature. At the end of the extraction 
period the wood residue was removed by filtration through fine filter cloth on a Buchner 
funnel and re-extracted twice more by the same procedure. Following the last extraction, 
the residue was washed with water. The aqueous extracts and washings were clarified by 
centrifuging in a Sharples supercentrifuge and were concentrated in a Majonnier evapora- 
tor at 26° C to about 1/16 of the original volume. The concentrated solution was dialyzed 
against distilled water for a period of 48 hours and the non-dialyzable portion was concen- 
trated at 35°. Freeze drying yielded 45.5 g of polysaccharide (5.63% yield) sulphated ash, 
0.55%, Klason lignin, 0.97%. 

The polysaccharide dissolved in water to give a slightly opalescent solution, [a]?° +11, 
(c, 1% in water). Hydrolysis of a 10-mg sample by N sulphuric acid for 12 hours at 100° C 
and chromatographic examination of the sugars (solvents A, D, and F) showed the 
presence of arabinose and galactose. Quantitative estimation of the sugars was made by 
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separating them from an acid hydrolyzate (200 mg) on a Celite column (19). The weights 
of arabinose and galactose were in a ratio of 1:4.6. Examination of the acid hydrolyzate 
by paper electrophoresis in 0.025 N sodium bicarbonate for 1 hour at 900 v showed no 
trace of sugar acid components. 


Fractionation of the Polysaccharide 

The crude polysaccharide (995 mg) was dissolved in water (100 ml) with stirring, and a 
small amount of insoluble material removed by centrifuging. The soluble polysaccharides 
were then fractionally precipitated from the aqueous solution by gradient addition of 
ethanol. The fractions were collected, washed, and dried by solvent exchange with ethanol 
and ether. Samples (10 mg) were hydrolyzed by acid and the resulting sugars were 
examined by paper chromatography (solvent A). The fractionation curve is shown in 
Fig. 1. The results indicated the presence of one main component, approximately 90% of 
the material being insoluble in 60% ethanol. There were small differences in the arabinose: 
galactose ratios, the first fractions being relatively richer in galactose than in the main 
fraction, while the later fractions were richer in arabinose. On the basis of this pre- 
liminary experiment a main lot of polysaccharide (16 g) was fractionated in the same way. 
The material precipitated by ethanol (53-63%) comprised 84% of the crude polysac- 
charide. The specific rotation [a]?° was +11 (c, 1.1% in water) and the weight ratio of 
arabinose: galactose was 1:4.6 (molar ratio, 1:3.8). All subsequent investigations were 
done on this fraction. 


Graded Hydrolysis 

Polysaccharide (27 mg) was heated in a boiling water bath for 5 hours with 5 ml of 
oxalic acid (0.025 NV). Chromatography of the hydrolyzate showed arabinose and galactose 
in a ratio of 6:1. Degraded polysaccharide was recovered by precipitation with ethanol and 
washed thoroughly with methanol. The precipitate was hydrolyzed by N sulphuric acid 
and the sugars chromatographed in solvent A. Although the predominant sugar was 
galactose, some arabinose still remained. The precipitate was small (8 mg) and indicated 
that the galactan portion of the molecule was severely degraded. In another experiment, 
polysaccharide (100 mg) was heated on a boiling water bath in 10 ml of hydrochloric acid 
(0.01 N). Within 2 hours, galactose and arabinose were present in large amounts, and, in 
addition, four other spots were detected on the paper chromatogram having Ryyiose Values 
of 0.21, 0.40, 0.49, and 0.60 respectively in solvent A. The spot having Rxytose 0.60 increased 
in intensity up to 20 hours and then gradually disappeared. Chromatographic evidence 
indicated that it was a disaccharide of arabinose and was probably identical with 
3-O-8-L-arabopyranosyl-L-arabinose (Rgatactosee 0.70, solvent E) isolated by Jones (20) 
from larch e-galactan. After about 10 hours heating the amount of galactose was almost 
equal to that of arabinose. The galactose continued to increase slowly throughout the 
experiment (53 hours). Precipitation of a small amount of degraded polysaccharide with 
ethanol after 53 hours heating and chromatographic examination of its acid hydrolyzate 
showed that the material was a galactan containing a trace of arabinose. 


Periodate Oxidation 

Duplicate samples of the polysaccharide (101.4, 101.3 mg) were dissolved in water 
(50 ml) and oxidized by 0.1 M sodium metaperiodate (50 ml) in the dark at 16° C. 
Appropriate blanks were prepared under the same conditions. At the intervals noted in 
the table below analyses were made for periodate consumption and formic acid production 
(23). The results given in moles per mole anhydro-p-galactose unit were as follows: 
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Time (hours) 7 24 32 48 56 





Periodate consumption 1.14 1.16 1.16 1.7 1.18 
Formic acid production 0.45 0.46 0.47 0.49 0.51 





In a separate experiment the polysaccharide (52 mg) was oxidized with periodate for 
48 hours as described above. The excess periodate was destroyed by the addition of 
ethylene glycol and the solution was dialyzed. The non-dialyzable material was recovered 
by freeze-drying and hydrolyzed with N sulphuric acid. Chromatographic examination 
of the sugars showed galactose to be present in large amounts along with a small amount 
of arabinose. 


Methylation 

The polysaccharide (7.0 g) was dissolved in 20% sodium hydroxide (40 ml) and methyI- 
ated by the dropwise addition of dimethyl sulphate (75 ml) and 45% sodium hydroxide 
(125 ml) with vigorous stirring. The reagent additions required a period of 4 hours and the 
solution was kept alkaline at all times. The addition of methylating reagents was repeated 
four more times. The methylation mixture was heated for 30 minutes at 80° C, then 
cooled and neutralized with sulphuric acid. The precipitated salts were dissolved in 
water, and the partly methylated polysaccharide was extracted continuously by chloro- 
form for 48 hours. The recovered methylated polysaccharide (7.73 g) showed a definite 
hydroxyl band at 3500-3600 cm™ in its infrared spectrum. The partially methylated 
polysaccharide was dissolved in methyl iodide (75 ml) and methylated on the addition 
of silver oxide (10 g) in portions of 2 g every hour. The solution was heated under refiux 
for 18 hours. The methylated product was recovered by extraction with acetone. Five 
additional methylations by this same procedure were required to yield a product having 
only a trace of hydroxyl band at 3500-3600 cm in its infrared spectrum. The yield of 
methylated polysaccharide was 7.14 g, [a]?®° —38.8° (c, 0.6% in chloroform), OMe 42.3% 
(theoretical value for the arabogalactan 43.0%). 


Fractionation of Methylated Polysaccharide 

The methylated polysaccharide (7.0 g) was fractionally extracted with various solvent 
mixtures of chloroform and petroleum ether (b.p. 30—60°). The solvents were removed 
and the residues dried to constant weight im vacuo. Specific rotation and methoxyl content 


TABLE I 
Fractionation of methylated polysaccharide 











Fraction Chloroform: Yield 
No. pet. ether (g) [a]? OMe 
1 0:100 0.0326 — 5.2 18.3 
2 10:90 0.2015 —22.8 39.7 
3 12.5:87.5 0.5296 —26.1 40.6 
4 15:85 1.4430* —44.9 42.2 
5 17 .5:82.5 3.9725 —44.6 42.3 
6 20:80 0.1021 —45.9 42.5 





*Approximately 800 mg lost by accident. 


of each of the six fractions were measured and are given in Table I. On the basis of similar 
values, fractions 4, 5, and 6 were combined and used in subsequent investigations. 
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Hydrolysis of Methylated Polysaccharide 

The methylated arabogalactan (5.17 g) was refluxed in 8% methanolic hydrogen 
chloride (60 ml) in a boiling water bath for 10 hours. The methanolic hydrogen chloride 
was then removed by a stream of air at room temperature and the residue was taken up 
in 0.5 N hydrochloric acid (35 ml) and refluxed for 10 hours. A small amount of insoluble 
precipitate was filtered off and the acidic solution was neutralized with Amberlite resin 
IR-45 (OH). The neutral solution was concentrated to a thin syrup, taken up in 50% 
aqueous ethanol, clarified with charcoal, and concentrated to a thick syrup. After drying 
in vacuo over calcium chloride the mixture of free methylated sugars weighed 5.07 g and 
had [a]2° +85° (c, 1.05% in water). Examination of the syrup by paper chromatography 
(solvent D) indicated the presence of the following methylated sugars: 


2,3,5-tri-O-methyl-L-arabinose, (R, 0.96); 

2,3,4,6-tetra-O-methyl-p-galactose, (R, 0.92); 

2,3,4-tri-O-methyl-p-galactose, (R, 0.76); 

2,4-di-O-methyl-p-galactose, (R, 0.58) ; 

2,6-di-O-methyl-p-galactose, (R, 0.62) ; 

2,3,4-tri-O-methyl-L-arabinose, (R, 0.83) ; 

2,5-di-O-methyl-L-arabinose, (R, 0.88); and monomethyl galactose (R, 0.40). 


(R,, movement relative to that of 2,3,4,6-tetra-O-methyl-D-glucose). 


Separation of Methylated Sugars 

The mixture of methylated sugars (5.0 g) was separated on a Celite column using 
n-butanol saturated with water as the developing phase (19). The eluate was collected by 
an automatic fraction collector in 15-ml quantities. Chromatographic examination of 
every fifth tube on paper strips (solvent D) permitted grouping of fractions of similar 
composition. The combined samples were evaporated to dryness, taken up in water, 
filtered, and dried to constant weight. Results of the preliminary separation are given in 
Table II with the identification of the sugars being based tentatively on chromatographic 
evidence. The yields and molar ratio of the purified sugars are shown in Table III. 


TABLE II 
Chromatographic separation of methylated sugars 





Yield 





Fractions from 





column Methylated sugar (mg) 
1 (Tube 0-73) 2,3,5-Tri-O-methyl-L-arabinose 164 
2 (Tube 74-123) 2,3,4,6-Tetra-O-methyl-galactose 
2,5-Di-O-methyl-arabinose 1545 
2,3,4-Tri-O-methyl arabinose 
3 (Tube 124-155) 2,3,4-Tri-O-methyl arabinose 362 
2,5-Di-O-methy] arabinose 
4 (Tube 156-218) 2,3,4-Tri-O-methyl-galactose 973 
5 (Tube 219-235) 2,3,4-Tri-O-methyl galactose 86 
2,6-Di-O-methyl galactose 
6 (Tube 236-280) 2,3,4-Tri-O-methy! galactose 280 
2,4-Di-O-methyl galactose 
7 (Tube 281-360) 2,4-Di-O-methy] galactose 1159 
8 (Tube 361-460) Monomethy! galactose 214 
9 Column washed with 
50% ethanol Unknowns 188 
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TABLE III 
Yield of methylated sugars 








Weight Milli- Molar 





Methylated sugar (mg) moles ___ ratio 
2,3,5-Tri-O-methy] arabinose 130 0.68 2.0 
2,3,4,6-Tetra-O-methyl galactose 1255 5.32 16.0 
2,5-Di-O-methy] arabinose 290 1.62 5.0 
2,3,4-Tri-O-methyl arabinose 352 1.83 5.5 
2,3,4-Tri-O-methyl] galactose 798 3.60 11.0 
2,4,6-Tri-O-methyl] galactose 225 1.01 3.0 
2,6-Di-O-methyl galactose 64 0.31 1.0 
2,4-Di-O-methyl galactose 1409 6.78 20.0 
2-0-Methyl galactose 204 1.05 3.0 





Identification of Methylated Sugars 

Fraction 1 

This methylated sugar was dissolved in water, clarified with charcoal, and dried to 
constant weight (130 mg). Chromatographic examination in solvents B, C, and E showed 
that the sugar had an identical rate of movement with 2,3,5-tri-O-methyl-L-arabinose. 
The specific rotation [a]?° was —33° and the methoxyl content was 47.4% (calculated for 
CsH,.0;: OMe, 48.4%). A portion of the syrup (114 mg) was dissolved in water (3 ml) 
and oxidized with bromine (0.5 ml) for 72 hours. Bromine was removed by aeration and 
the acid solution was neutralized with silver carbonate. The filtrate was deionized with 
Amberlite IR-120 resin and evaporated to yield syrupy 2,3,5-tri-O-methyl-L-arabonic acid. 
The acid was lactonized by distillation (bath temp., 120—-145° C at 0.025 mm), and the 
lactone was dissolved in methanol saturated with ammonia at 0° C. After 24 hours, the 
solvent was removed and the amide crystallized on nucleation. Recrystallization from 
methanol-ether solution yielded pure 2,3,5-tri-O-methyl-L-arabonamide, m.p. 136° C 
(undepressed with an authentic sample) and [a]?> —18° (c, 1% in water), these values 
agree with those reported for this compound (24). 

Fraction 2 

Chromatographic examination of this syrup in solvents C and D showed a mixture of 
three sugars. The main component (R, 0.92, solvent D) corresponded to 2,3,4,6-tetra-O- 
methyl-p-galactose, the next fastest moving component corresponded to 2,5-di-O-methyl- 
L-arabinose (R, 0.88, solvent D), and the slowest moving component corresponded to 
2,3,4-tri-O-methyl-L-arabinose (R, 0.84, solvent D). 

Fraction 3 

Chromatographic examination in solvents C and D showed two components which 
corresponded to the tentatively identified 2,5-dimethyl arabinose and 2,3,4-trimethy] 
arabinose found in fraction 2. 

Since fractions 2 and 3 were mixtures, they were fractionated chromatographically on 
a cellulose column using the solvent benzene:ethanol: water:ammonium hydroxide 
(200: 47:14:1). The column was washed thoroughly first with the aqueous phase and then 
with the organic phase of the solvent and the separation was made by irrigating with the 
organic phase. Three separate sugars were recovered and corresponded chromatographic- 
ally with those found in the original fractions. 


2,3,4,6-T etra-O-methyl-D-galactose 
The sugar (1255 mg) had [v]?® +118° (c, 1.12% in water) and MeO 52.3% (theoretical 
value for Cy9H29O¢, 52.5%). A portion of the syrup (110 mg) was refluxed with aniline 
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(49 mg) in ethanol (5 ml) for 3 hours. The solution was slowly evaporated in a desiccator 
leaving a crystalline residue which was recrystallized from ethanol to yield 72 mg of 
2,3,4,6-tetra-O-methyl-N-phenyl-b-galactosylamine (25), m.p. and mixed m.p. 196- 
198° C, [a]?> — 137° (c, 1.5% in pyridine). 
2,5-Di-O-methyl-L-arabinose 

The sugar (290 mg) had [a]?° —26° (c, 1% in water); OMe, 33.7% (calculated for 
C;HyO;: OMe, 34.8%) and gave only one spot on chromatographic examination 
(R, 0.88-0.89, solvent D). Demethylation by 47% hydrobromic acid yielded only one 
sugar which was identified as arabinose on paper chromatograms. Oxidation of the sugar 
(105 mg) with bromine for 72 hours at room temperature yielded the corresponding 
2,5-di-O-methyl-L-arabonic acid (82 mg). Distillation of the acid (bath temp., 130—-135° C, 
at 0.05 mm) yielded the lactone which crystallized on seeding with 2,5-di-O-methyl-L- 
arabonolactone, m.p. and mixed m.p. 60° C. To a portion of the lactone (28 mg) phenyl- 
hydrazine (20 mg) in methanol (5 ml) was added and the mixture was refluxed for 2 hours. 
On removal of the solvent the product crystallized (16 mg) and was recrystallized from 
ethanol: ether solution to give pure 2,5-di-O-methyl-L-arabonophenylhydrazide, m.p. and 
mixed m.p. 165-167° C. 
2,3,4-Tri-O-methyl-L-arabinose 

The syrup (362 mg) gave one spot on chromatographic examination (R, 0.83-0.85, 
solvent D). Demethylation yielded only arabinose as detected on paper chromatograms. 
Specific rotation [a]?* was +120° (c, 1.2% in water) and the OMe 47.3% (calculated for 
CsH,,0;: OMe, 48.4%). A portion of the syrup (65 mg) was oxidized in aqueous solution 
(3 ml) with bromine (0.05 ml) for 50 hours at room temperature. The excess bromine was 
removed by aeration and the 2,3,4-tri-O-methyl-L-arabonic acid extracted with chloro- 
form in a continuous extractor for 24 hours. The chloroform was evaporated and the acid 
lactonized by distilling (bath temp., 100—118° C, at 0.04-0.05 mm). The lactone (41 mg) 
was heated with phenylhydrazine (26 mg) in methanol (5 ml) for 3 hours. Removal of 
the solvent yielded 2,3,4-tri-O-methyl-L-arabonophenylhydrazide which crystallized on 
nucleation. Recrystallization from methanol-ether — petroleum ether yielded the pure 
product, m.p. and mixed m.p. 158° C. The reported value is 156° C (26). 


Fraction 4 

The syrup (973 mg) was chromatographically identical in solvents B and D with 
2,3,4-tri-O-methyl-p-galactose, had [a]?®° +114° (c, 0.79% in water) and OMe, 39.8% 
(calculated for CgH;s0gH2o: OMe, 38.7%). A portion of the fraction (118 mg) was 
refluxed with aniline (58 mg) in methanol (5 ml) for 2 hours. Evaporation of the solvent 
yielded crystals which on recrystallization from ethyl acetate proved to be 2,3,4-tri-O- 
methyl-N-phenyl-p-galactosylamine, m.p. and mixed m.p. 165-166° C and [a]? +40° 
(c, 1.1% in methanol). Another portion of the syrup (125 mg) in water solution was 
oxidized with bromine (0.6 ml) for 72 hours at room temperature. Bromine was removed 
by aeration and the acid was neutralized with silver carbonate. The silver salts were 
filtered off and the excess silver ions were removed as sulphide. The 2,3,4-tri-O-methyl-p- 
galactonic acid was lactonized by distillation (bath temp., 150—-160° C at 0.025 mm). 
Addition of methanolic ammonia and storage at 5° C for 24 hours yielded 2,3,4-tri-O- 
methyl-p-galactonamide, m.p. 166-167° C, and [a]?° +33 (c, 1% in water). These values 
are in good agreement with those previously reported (27). 

Chromatographic examination of fraction 4 in solvent C showed a spot which was 
slightly slower in movement than 2,3,4-tri-O-methyl-p-galactose and which appeared to 





























ADAMS: STRUCTURE OF AN ARABOGALACTAN 291 


be 2,4,6-tri-O-methyl-p-galactose. Separation of the two sugars was made according to 
the method described by White (13). A portion of fraction 4 (475 mg) was dissolved in 
pyridine (3 ml), triphenylchloromethane (654 mg) was added, and the reaction mixture 
was kept at room temperature for 2 days. A small amount of water was then added and the 
solution was poured into ice water. The insoluble trityl derivative precipitated as a gum 
and was removed by centrifugation. The solution and washings were neutralized with 
Amberlite IR-45, extracted with benzene to remove triphenylcarbinol, and the sugar was 
recovered as a yellow syrup (96 mg) OMe, 40.0% (calculated for CgHi1s0¢: OMe, 41.9%) 
and [a] +90 (c, 1.72 in water). The syrup (20 mg) was refluxed in methanol (5 ml) with 
aniline (10 mg) and yielded 2,4,6-tri-O-methyl-N-phenyl-p-galactosylamine, m.p. 176° 
(reported value 178°) (13). The amount of 2,4,6-tri-O-methyl galactose mixed with 
2,3,4-tri-O-methyl galactose in the original fraction 4 was estimated to be 225 mg. 

Fraction 5 

This fraction (84 mg) was a mixture of two sugars which on paper chroamtograms in 
solvents E and D moved at the same rate as 2,3,4-tri-O-methyl-p-galactose (R, 0.74-0.76, 
solvent D) and 2,6-di-O-methyl-p-galactose (R, 0.59-0.60, solvent D). Separation on 
paper strips using solvent E yielded 2,6-di-O-methyl-p-galactose (64 mg). Oxidation of 
this sugar with bromine (0.3 ml) in water (5 ml) for 60 hours at room temperature yielded 
2,6-di-O-methyl-p-galactonic acid. Distillation of the acid (bath temp., 100°-120° C/ 
0.010 mm) yielded 2,6-di-O-methyl-p-galactonic acid lactone (15 mg). The lactone (15 mg) 
was refluxed with phenylhydrazine for 2 hours in methanol (5 ml) and yielded crystalline 
2,6-di-O-methyl-D-galactonophenylhydrazide. Recrystallization from methanol-ether 
solution yielded a pure product, m.p. 144° C unchanged when admixed with an authentic 
sample. 

Fraction 6 

The syrup (280 mg) on chromatographic examination in solvent D showed a small 
amount of 2,3,4-tri-O-methyl-p-galactose (R, 0.74-0.76) with the main component being 
2,4-di-O-methyl-p-galactose (R, 0.58). Separation of the two sugars was made chromato- 
graphically on paper sheets (Whatman No. 1) using solvent D. The yields were 2,3,4-tri- 
O-methyl-p-galactose (30 mg) and 2,4-di-O-methyl-p-galactose (230 mg). 

Fraction 7 

This fraction (1159 mg) crystallized spontaneously and was chromatographically 
identical in solvents B and D with 2,4-di-O-methyl-p-galactose. Recrystallization from 
ethyl ether yielded 2,4-di-O-methyl-p-galactose monohydrate m.p. 100—101° C with sinter- 
ing at 73-76° C; [a]?® +125° (5 minutes) — 85° (18 hours) (c, 0.8% in water) and OMe 
26.7% (theoretical value for CsHis0..H2O0: OMe, 27.4%). Dehydration of the mono- 
hydrate by heating at 55° C at 0.1 mm over phosphorus pentoxide for 18 hours yielded 
anhydrous 2,4-di-O-methyl-p-galactose, m.p. and mixed m.p. 103-104° C in good agree- 
ment with reported values (10). A portion of the pure sugar (85 mg) was refluxed with 
aniline (44 mg) in methanol (5 ml) for 3 hours. The solution was evaporated in a desiccator 
and the crystalline sugar was recrystallized from ethyl acetate yielding 2,4-di-O-methyl-N- 
phenyl-p-galactosylamine and having a m.p. and mixed m.p. 218-220° C and [a]?* —181 
(c, 1.1% in pyridine). 

Fraction 8 

This fraction (204 mg) had an R, of 0.40 (solvent D); [a]2*° +88° (c, 1% in water) 
(reported value (29) for 2-O-methyl-p-galactose +86°); OMe 15.9%. The indication that 
the sugar was 2-O-methyl-p-galactose was confirmed by the preparation of its anilide by 
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the method already described. The product was crystalline, and on recrystallization from 
acetone solution yielded 2-O-methyl-N-phenyl-p-galactosylamine, m.p. 163° in good 
agreement with the reported value of 165° (25). 

Fraction 9 

This fraction (108 mg) on chromatographic examination (solvent D) showed two faint 
spots, one of which moved at a slower rate than 2-O-methy] galactose and the other, a 
bright red spot, was located near the starting line. The latter component appeared to be a 
methylated uronic acid although no uronic was detected in the hydrolyzate of the original 
polysaccharide. The components were separated on filter paper (solvent D) and the 
slower moving component recovered (60 mg), OMe 13.2% (calculated for C7;H1:07: OMe, 
14.9%) and [a]?° +49°. In solvent E, the unknown had the same mobility as 4-O-methyl- 
p-glucuronic acid and on the basis of the foregoing properties was tentatively identified as 
4-O-methyl-p-glucuronic acid. 


Molecular Weight 

Molecular weight was determined in the Spinco Model E ultracentrifuge by Archibald’s 
method (30) as modified by Klainer and Kegeles (31). The methods of computation were 
those developed by Smith (32). The centrifuge was run at 8225 r.p.m., the temperature 
was controlled at 20° C, and a bar angle of 80° was used. A single run was made on a 1.0% 
arabogalactan solution in 0.05 borate buffer. Measurements were made at the base 
and meniscus of five photographs taken over a period of 27 minutes to 51 minutes from 
the time of attaining fuli speed. A value of 0.60 for partial specific volume was used (9). 

The weight average molecular weight measured at the meniscus was approximately 
50,000 and at the base was approximately 67,000. These observations indicated a small 
degree of molecular weight heterogeneity. 


Sedimentation Coefficient 

Sedimentation coefficients were measured in a Spinco Model E ultracentrifuge at 
concentrations of 1.0, 0.75, 0.50, and 0.25% in 0.05 M borate buffer. The sedimentation 
coefficients (Soo.w) were calculated in the usual way and the results are: 


Concn., % S20.w.1013 
1.0 4.874.235 
0.75 5.27+ .193 
0.50 4.734 .207 
0.25 5.02+ . 256 


There was no evidence of concentration dependence in the sedimentation rate. The 
absence of concentration dependence may be interpreted as indicating a relatively 
globular molecule and confirms the highly branched structure proposed on the basis of 
methylation data. Figure 1 shows the single peak obtained on ultracentrifugation and 
indicates that the arabogalactan was homogeneous. 


Electrophoresis 

Polysaccharide (151 mg) was dissolved in 0.05 M borate buffer (15 ml) and dialyzed 
against the buffer at 4° C for 24 hours. The electrophoretic separation was made in a 
Spinco apparatus Model H and the arabogalactan moved as a single peak with p= 
10.50 X 10-5 cm?/v—'/sec—!. The peak is shown in Fig. 1. 
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THE BIOGENESIS OF ALKALOIDS 
XXIV. THE ROLE OF CITRIC ACID IN THE BIOGENESIS OF HYOSCYAMINE' 


A. V. ROBERTSON? AND LEO MARION 


ABSTRACT 


It is known that ornithine is a precursor of the pyrrolidine ring present in hyoscyamine. 
It was assumed that citric acid might be the precursor of the remaining three carbons that 
complete the tropine ring structure. To test this assumption 3-!*C-citric acid was fed .to 
Datura stramonium plants. The hyoscyamine isolated from these plants was radioactive, but 
the activity was very low. It must be concluded that citric acid, although it can be used to a 
small extent, is not the normal precursor of the chain of three carbons attached to the pyrroli- 
dine ring in hyoscyamine. 


Tracer work in these laboratories on the biosynthesis of the tropane alkaloids in mature 
Datura stramonium has shown that ornithine is an efficient precursor of the pyrrolidine 
ring in hyoscyamine and that the N-methyl group arises from methionine (1, 2). The 
radioactivity of labelled putrescine was not incorporated in hyoscyamine (3). Hyoscine 
in the above experiments was never radioactive, suggesting that this alkaloid was not 
being synthesized during the time the plants were in contact with the radiotracers. 
Derivation of the ‘‘acetone”’ fragment of tropine from acetone, acetoacetic acid, acetone 
dicarboxylic acid, or from citric acid in the presence of an oxidase has been suggested 
(e.g. Robinson (4), Birch (5)). Wenkert has emphasized that the direct intervention of 
acetone dicarboxylic acid is unlikely in biochemical processes (6), despite the very success- 
ful use of this compound in laboratory syntheses under “‘physiological conditions’’. 

We have fed 3-C-citric acid to mature D. stramonium plants. Radioactivity in the 
nutrient solution decreased rapidly. The plants were harvested after 2 days to minimize 
randomization due to the various pathways available for citric acid metabolism. The 
alkaloids were isolated by established methods. Paper chromatographic assay of the crude 
basic fraction showed that neither hyoscyamine nor hyoscine had measurable radioactivity | 
and that only a small proportion of the latter alkaloid was present. Separation of the 
bases by partition chromatography, usually employed, was therefore not undertaken. 
Instead the mixture was treated with gold chloride and the hyoscyamine aurichloride was 
purified by recrystallization and conversion to the picrate. Pure hyoscyamine picrate had 
an activity of 10 d.p.m./mg, unchanged by recrystallization. This measurement, just 
detectable with certainty, may represent a real though insignificant incorporation of 
radioactivity in the molecule. The activity was not sufficient to be detected at the con- 
centrations used on paper chromatograms or to make degradations of the compound 
worth while. Hence citric acid is not a satisfactory “‘acetone equivalent” in D. stramonium. 
Feeding experiments with labelled acetoacetic acid are in progress. 

Citric acid-1,5-"C has been prepared by Rothchild and Fields (7), who improved the 
original synthesis of citric acid by Grimaux and Adam (8) which started from 1,3-dichloro- 
acetone. 3-'*C-Citric acid required for the present experiment was obtained by synthesiz- 
ing 2-“C-1,3-dichloroacetone from 1-“C-acetate and then following the method of 
Rothchild and Fields (7) except for the use of inactive cyanide in the last stage. The 
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dichloroacetone was prepared in good yield by the reaction sequence: acetic acid, chloro- 
acetic acid, chloroacetyl chloride, 1,3-dichloroacetone. Of these steps only the last has 
not been described in the literature. Treatment of chloroacetyl chloride with diazomethane 
and hydrogen chloride gave an almost quantitative yield of dichloroacetone. The diazo- 
ketone was not isolated. Purity of intermediates at all stages was critical. The radic- 
active citric acid was purified by ion exchange chromatography (9) and via the trimethyl 
ester (7). 

Feeding of 3-"C-citric acid to D. stramonium was expected to give rise to hyoscyamine 
with the radioactivity located at carbon-3 of the tropine skeleton. The degradative 
scheme chosen to isolate this carbon atom in high yield was as follows. Tropine, obtained 
by alkaline hydrolysis of hyoscyamine, was oxidized to tropinone by the method of 
Willstatter (10). Interaction of tropinone with phenyl-lithium gave 3-phenyltropan-3-ol 
(10a) from which the required carbon atom was obtained by permanganate oxidation to 
benzoic acid. 

Because of the low activity of the hyoscyamine isolated, however, the base was not 
degraded. 


EXPERIMENTAL 


Melting points are corrected. Radioactivities were determined with a Radiation 
Counters Laboratory ‘‘Nucleometer’’ counting 50% of disintegrations. Infrared spectra 
were measured in carbon disulphide solution on a Perkin-Elmer double beam spectro- 
meter model 21B. 


Synthesis of 3-4C-Citric Acid 

Sodium acetate-1-“C (2 mc, 50 mg) was dissolved in acetic acid (3.25 g) and chlorinated 
using the method of Ostwald (11), yield of sublimed chloroacetic acid, 3.95 g (76%). Of 
the various methods available for preparing the acid chloride, the most readily adapted 
for small-scale work and ease of separation of product proved to be halide exchange with 
benzoyl chloride following the procedure of Brown (12), yield of distilled chloroacetyl 
chloride, 3.59 g (76%). This acyl chloride was added dropwise to an excess of a sodium- 
dried ethereal solution (200 ml) of diazomethane (prepared from 25 g of nitrosomethyl- 
urea). Thirty minutes later hydrogen chloride was passed through until the yellow color 
was discharged. The solution was concentrated im vacuo to 50 ml and washed with satu- 
rated aqueous sodium bicarbonate (2X5 ml). The residue obtained by evaporation of the 
ether was sublimed at 1 mm/50° onto a cold finger condenser containing dry ice and 
acetone; yield of white crystalline 2-C-1,3-dichloroacetone, 4.02 g (99%). The method 
of Rothchild and Fields (7) was followed for the rest of the synthesis. Failure to remove 
acid impurities in the dichloroacetone by washing with bicarbonate resulted in poor 
yields in the next step, presumably because of the influence of acid on the cyanohydrin 
equilibrium. Even so, small quantities of black oil or tar separated during the acid 
hydrolysis to bischloromethylglycollic acid. After reaction of potassium bischloromethyl- 
glycollate with radioinactive potassium cyanide and acid hydrolysis, the organic fraction 
in the dry residue was separated from inorganic material by several extractions with hot 
acetone. Most of the impurities in the crude citric acid were removed by ion exchange 
chromatography on Amberlite IRA-400 resin in the acetate form (9). Elution with 0.1 
N hydrochloric acid and removal of solvent in vacuo at 30° gave a partly crystalline 
orange residue. The product was further purified through the trimethyl ester (7) which 
was crystallized from cyclohexane. 
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Administration of 3-C-Citric Acid and Isolation of Alkaloids 

D. stramonium plants were grown from seed in soil for 8 weeks with transplantations as 
required. The almost mature plants were then transferred to a hydroponic setup (1). 
Nutrient solution as described by Leete (13) was used except for substituting ferrous 
ammonium sulphate (36 mg/l. of nutrient solution, added in dilute aqueous versenol) as 
the source of iron. Additional iron was added as required to suppress incipient chlorosis. 
The plants grew vigorously and in the 15th week 3-"C-citric acid (434 mg, total activity 
1.46X 10° d.p.m.) in water (100 ml) was distributed evenly between 11 plants (total 
nutrient solution, 9 liters). Each plant had at least four seed pods, and several flowers and 
developing buds. Five per cent of the original activity remained in the nutrient solution 
after 1 day and less than 1% after 2 days, at which time the plants were harvested. After 
‘overnight drying at 110°, the entire plants were ground to 20 mesh, and the total activity, 
obtained by extracting a small sample with methanol, was 1.410’ d.p.m. The ground 
material (234 g) was moistened overnight with water (150 ml) in a closed container and 
then triturated with powdered calcium hydroxide (50 g) after the method of Evans and 
Partridge (14). The mixture was extracted with water-saturated ether (1500 ml) by 
vigorous mechanical stirring (1 hour) in a beaker at room temperature. The extract was 
decanted and the process was repeated until no further radioactivity was removed 
(10 times). The combined ether extracts (total activity 1.14 10° d.p.m.) were evaporated 
to 200 ml and the basic material present was completely extracted into 2 N hydrochloric 
acid (5X20 ml). Separation of the emulsified phases was achieved by centrifugation. The 
crude alkaloids were obtained as a dark gum (237 mg, total activity 1.410‘ d.p.m.) by 
collection in ether after rendering the acid fraction alkaline with ammonia. Paper chro- 
matography in butanol — concentrated hydrochloric acid (100:10) saturated with water 
(Bc 10 solvent of Munier and Macheboeuf (15)) showed the presence of hyoscyamine, 
R, 0.90 and a comparatively smaller quantity of hyoscine, Ry 0.79. Neither spot had 
measureable radioactivity. The gum was treated with gold chloride (250 mg) in hot 
dilute hydrochloric acid. Hyoscyamine aurichloride (144 mg) crystallized on cooling of 
the solution, and after recrystallization had m.p. 163—165°, not depressed on admixture 
with an authentic specimen. The recrystallized sample had an activity of 16 d.p.m./mg. 
The aurichloride was decomposed with hydrogen sulphide and the free base (40 mg) 
which was isolated in the usuai way was treated with picric acid (50 mg). The hyoscya- 
mine picrate was crystallized from water and had m.p. 164-165° and radioactivity of 
10 d.p.m./mg, unchanged by further recrystallization. 


Degradation to Isolate Carbon-3 of Tropine 

Tropinone, obtained by chromic acid oxidation of tropine (10), was purified via the 
picrate. Tropinone (565 mg) in ether (2 ml) was added dropwise to a solution of phenyl- 
lithium (2 mole equiv.) in refluxing ether (10 ml) under nitrogen. Five minutes later the 
reaction was cooled in ice and stirred magnetically while V hydrochloric acid (10 ml) was 
slowly added. The separated acid layer was washed with a little ether and basified with 
sodium hydroxide. Ether extraction of the alkaline solution gave 3-phenyltropan-3-ol 
(720 mg, 82%) which crystallized from hexane in rosettes of spears having m.p. 162—163° 
and infrared absorption at 3570 cm~ (hydroxyl), 752 and 693 cm-! (monosubstituted 
benzene), and having no absorption in the carbonyl region. Found: C, 77.3; H, 8.6; 
N, 6.5. CisHigNO requires: C, 77.4; H, 8.8; N, 6.5%. 

3-Phenyltropan-3-ol (200 mg), suspended in water (20 ml), was treated with potassium 
permanganate (2g) and the mixture was refluxed (1 hour). Precipitated manganese 
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dioxide was dissolved by passage of sulphur dioxide and the solution was acidified with 
hydrochloric acid and extracted with ether. The acid fraction in the ether was separated 
from neutral material in the usual way, giving benzoic acid (102 mg, 91%) which had 
m.p. and mixed m.p. 121—122° after recrystallization from water. The infrared spectrum 
was indistinguishable from that of authentic benzoic acid. 
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KINETICS OF THE THERMAL DECOMPOSITION OF 
TETRAMETHYLTETRAZEN! 


J. S. Watson AND A. J. WARING? 


ABSTRACT 


The kinetics of the thermal decomposition of tetramethyltetrazen (T.M.T.) have been 
studied in a static system at pressures up to 1.8107? mm and temperatures between 125.5 
and 147.5° C by measuring the rate of production of nitrogen. The results show that the 
decomposition is first order in T.M.T. at the pressures used and give approximate values for 
the Arrhenius parameters. 


The present study of the kinetics of the thermal decomposition of tetramethyltetrazen 
was undertaken as a continuation of the work published previously by one of the authors 
(1). It was also intended to supplement the kinetic measurements by detailed analysis 
of the reaction products but, because of the death of Dr. J. S. Watson during the early 
stages of the experiments, the product analyses were not performed. Since this project 
is now terminated as a result of Dr. Watson’s death, it is considered worth while to report 
briefly the results of the kinetic study. 

The previous work (1) shows that thermal decomposition of tetramethyltetrazen pro- 
ceeds by a radical mechanism involving (CH3)2N- radicals which react further. Thus, 
following the reaction by pressure change is inaccurate and the most satisfactory method 
seems to be by measurement of the nitrogen produced. 


CH CH CH 
a. ee wt Bog 
CH, NCH; CH, 
y 
products 


The previous work also shows that no He is produced, so all products apart from the 
nitrogen can be trapped by liquid No. 

Tetramethyltetrazen was prepared by Renouf’s method (2) from 1,1-dimethyl hydra- 
zine, the procedure being identical with that used previously (1). The apparatus used 
for pyrolysis consisted of a removable glass reaction vessel (volume approximately 
100 ml) fitted with a teflon seat valve, attached to a vacuum system with Toepler-pump, 
and calibrated gas burette with a mercury-sealed, one-way valve. The sample was intro- 
duced by micro syringe and frozen into the reaction vessel. Then the whole apparatus 
was evacuated to better than 10-* mm and the teflon seat valve closed. Heating was 
carried out in an oil bath, the temperature of which was controlled by a Canlab magnetic 
control-type, mercury-metal thermoregulator. After the required time, the reaction was 
quenched with iced water and the products completely transferred, by the Toepler 
pump, through a liquid nitrogen trap into the gas burette where the nitrogen was 
measured. 
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Fifty-four runs were carried out at six different temperatures. Typical set of values is: 





Temp., 147.5°C. Start with 7510-5 mole T.M.T. 





Time (minutes) 5 10 15 20 243 32} 
Moles Ne produced 0.68 1.64 2.39 2.86 4.14 5.30 
xX 105 


Plots were made of —logio (moles unchanged T.M.T.) against the time of heating. The 
values of the first order rate constants K, derived from the graphs were: 
Temp., °C 125.5 1382.5 136.0 141 145 147.5 


Ki X10° (sec™) 0.91 1.35 2.43 3.15 4.49 7.33 
Error X10® (sec™) 0.02 0.09 0.08 0.28 0.33 0.07 





Plot of —logio Ki against the reciprocal absolute temperature is shown in the figure. 
It gives the following Arrhenius parameters: 


E = (31.943.0) kcal/mole, logio A = 11.441.65 





(31.9+3.0) 1000 


hei, & deo 
nite = 9) 2.303 RT 





(K, in sec), 


Within the experimental uncertainty the value of the pre-exponential factor is normal 
for a unimolecular reaction. 
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CHEMICAL SHIFTS IN THE NUCLEAR MAGNETIC RESONANCE SPECTRA 
OF MOLECULES CONTAINING POLAR GROUPS! 


A. D. BUCKINGHAM? 


ABSTRACT 


It is shown that the electric field at a particular nucleus arising from polar groups in other 
parts of a molecule can lead to chemical shifts proportional to the first power of the field 
strength. The change Ao in the proton screening constant of an X—H bond when it is sub- 
jected to an electric field E is approximately given by 

Ao = —2X10-"E,—10-8E 

where E, is the component of E in the bond direction. A field along the X—H bond draws 
the electrons in the enriched region between the nuclei away from the proton, thereby causing 
its resonance to occur at lower magnetic field strengths, while a field in the H—X direction 
leads to resonance at higher fields. The electric field produced by the polarization of neigh- 
boring solvent molecules may also be important and lead to a solvent shift related to the di- 
electric constant of the solvent. The direction of the internal field, and that due to the solvent, 
can easily be estimated when the molecule is rigid, so that the model can be useful in assigning 
spectra. It gives a simple and reasonably accurate account of the observed spectra of sub- 
stituted benzenes and of some solvent effects on the proton resonances of cis- and trans- 
1,2-dichloroethene. 


INTRODUCTION 


In nuclear magnetic resonance experiments, nuclei with magnetic moments are effec- 
tively used as probes to measure the actual magnetic field, Hiocq;, at the nucleus. 


[1] Hyocal = (l—o)H 


where H is the applied magnetic field strength and @ is the screening constant. Owing to 
rapid molecular motion in gases and liquids, the observed screening constant corresponds 
to an average for all molecular orientations. The molecules which are far removed 
from the one with the resonant nucleus interact with it as if they formed a continuum 
having the bulk properties of the fluid, and they may contribute to o a term proportional 
to the volume susceptibility; this term depends on the sample shape, and vanishes for a 
spherical specimen. The screening constants quoted in this paper have all been ‘‘corrected”” 
so as to remove this bulk susceptibility effect. 

Progress in understanding observed screening constants has largely been based on 
models in which ga is split up into atomic contributions (see Pople, Schneider, and Bern- 
stein (1) and Saika and Slichter (2)). Thus, 


[2] - Fatoptoaotae 


where oq and oy are the dia- and para-magnetic shielding of the nucleus whose total 
screening constant is ¢; oq is proportional to the magnetic field produced at the nucleus 
by the moment induced through the rotation of the electrons about the nucleus with the 
Larmor precessional frequency eH/2mc. The paramagnetic shielding o, arises from the 
hindrance to the Larmor precession produced by the lack of axial symmetry about the 
field H; in a linear molecule, ¢, is zero when H is along the molecular axis, but in general 
it is non-zero for an atom in a molecule. o, is the shielding constant proportional to the 
field produced by the magnetic moments induced in other atoms, and ¢, is the contribution 
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from interatomic currents (3); ¢, is zero in a tumbling molecule if the other atoms have 
isotropic susceptibilities. 

A uniform electric field E, distorts an atom in an S-state, and this distortion affects 
oq and gy. oq is diminished in both the z and x (or y) directions, the diminution being 
greater in the z-direction; ap is zero in the z-direction, but is negative in the x- and y- 
directions. The change in o due to E, is proportional to E32, for the symmetry of the atom 
requires the shielding to be unaffected by a reversal of E,. For a hydrogen atom in its 
ground state, Marshall and Pople (4) showed that, neglecting the effect of electron spin, 


” e 5 “ny 
Cae ~ 3mc'a 40 ¢ 
Czz = Cy, = son} es 
Ww 3mcea 15 e& 
for weak electric fields (E, X e/a®), where e is the protonic charge (4.803 X10-" e.s.u.) 
and a the Bohr radius (0.5292 A). 

If the resonant nucleus is not at a molecular center of inversion, the screening for a 
fixed orientation of the molecule may be affected by a reversal of E,, so that in weak 
fields ¢ may be proportional to E,, rather than E}. If E, is a fixed external field, the 
shielding proportional to E, averages to zero in a gas or liquid, but if E, arises from a 
polar group within the molecule itself, or from neighboring solvent molecules polarized 
by the solute, then the mean value of E, at a particular nucleus may be non-zero. A 
screening constant proportional to E,, in addition to one proportional to E?, is therefore 
possible. Thus in an X—H bond, o for the proton will be proportional to the first power 
of the component of the field along the bond, and to the second power of the field per- 
pendicular to it. 

The purpose of this paper is to investigate the influence of this “internal field’’ effect 
on proton screening constants in gaseous molecules, and to discuss changes in o arising 
from fields due to the presence of a solvent; the latter part extends Stephen’s approach 
(5) to the problem of solvent effects. 


[3] 


GENERAL THEORY 


In the presence of a primary uniform magnetic field H, there will be, at a particular 
nucleus, an induced secondary magnetic field H’, and the screening constant tensor gag 
for this nucleus is defined by 


[4] Hy, = —oasHs 


where the Greek subscripts denote tensor components (a and 6 can be x, y, or 2, and 
repeated subscripts indicate a summation over x, y, and z components; thus oagHs = 
Carll -+cayH,+ 2-H -). It is supposed that if the molecule is in a uniform electric field E, 
the screening is affected in such a way that o can be expanded as a power series in E 


r (0) () (2) 
[5] Tap = Tas + 603,Ey+ 40aaysEyEs+ eee 


If the molecule is symmetric in x (that is, if ag is unaffected by an inversion in the yz 


plane), then o%, = 0. Thus o = 0 for an atom; for a molecule which is symmetrical 


about the z-axis (an X—H bond is usually approximately symmetric about the bond 
direction) o {}) = o 3) = 0. The observed screening constant ¢ for a molecule in a gas or 
liquid corresponds to an average of gag over all orientations. Averaging over all molecular 
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orientations is equivalent to fixing the molecule (and in this case the electric field) and 
averaging over all directions of the magnetic field. Thus, 


1 leslie 
[6] o = FI Fas H.Hg = 4600 = 40 +-oQE +300 Est ...}. 


For an atom in an S-state o“ = QO and there are two independent o® tensor components. 
For a hydrogen atom in a uniform field E,, [5] yields 


(0). ge AB) can 

a +30 ssscE; +. o- 
Lore 2 

Orr = OG + $es222E, = re 


whence, from [3], 





2 3 
ss . ee Do _ 439 a 
[7] 3mca’ _— " 60 mc? 
3 
of = og = — 386 2 
aan - 45 mc” * 
The o® tensor is given by 
(2) (2) (2) (2) 
[8] Fapys = F 1 Sapdys+ 3 (a) Ey ) (6ay5¢5+ 5a85ey) 


where 6a3 is the substitution tensor (= 1 if a = 8, = O if a ¥ 8B). 
In an axially symmetric X—H bond there can be no screening proportional to the first 
power of the field at right angles to the bond. Thus o{! = o{? = 0, and there are two 


i 1) 2 ss: gto Dw 2 oc at FF 

independent o“ tensors, o{?, = o{? and of? = af), = a‘). From [6] and [8] 
(9] o =o 4+oVE, 440% E+... 

where 


go = 4 (69 429%) and og) = 3(ofP+20°”). 


To estimate the importance of the proton shielding proportional to E and to E? in an 
X—H bond, use can be made of the results of Marshall and Pople (4) for the E? effect 
on an H-atom. Consider a model in which an H-atom is at a distance R from a point 
charge X. In the presence of a uniform electric field E, the total electric field F acting on 


the atom is 
[10] F = {E,, E,, E.+(A/R?)} 


and hence an effect proportional to F? will involve terms of the first and second order in E. 
The screening constant for the proton in this “molecule” is given by [5] and [8] and is 


e 193 a°F’ 227 a’ 
int} a8 = Seta °° 45 me °° +360 met fhe 


Because of the form of F (see [10]), [11] leads to screening proportional to E, and to E’, 
and it can be shown that 


1 (2 e) A 
cj sa al and oO, ” *s ° 
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Thus [9] becomes 


of, 881 A, 881 a’ 
3mc'a_ 108 mc’ R°~* 216 mc 





E*~ 


[12] ~ a4) 9 E.t4E} +... 
where 


o® =4(o% 429%), 


From [7], ¢® = 17.8X10-*, o& = —1.5X10-' e.s.u., \ = 107 e.s.u., and typical para- 
meters are R = 10-3 cn, wheace 
[13] o = 2X10°—2X10-" E,-—10-8 F?-... 


Thus for E = 10° e.s.u. (the field 7 A from a proton), the shielding proportional to E is 
~0.2 p.p.m., and is ~ 20 times that proportional to E?. 

The sign of ¢™ is opposite to that of \. However, in most X—H bonds, it is reasonable 
to assume that there is an increased electronic charge between the nuclei (as for a positive 
\), so that an electric field in the X—H direction will tend to draw this excess charge 
further away from the proton, thereby decreasing its shielding constant. Equation [13] 
indicates that the change in o arising from the action of an electric field on an XH 
bond is approximately —2X10-"E,—10-'8E?, and the measurements discussed later in 
this paper confirm this result in the case of CH bonds. 


SOLVENT EFFECTS 


When a polar molecule is dissolved, it polarizes the surrounding medium, and this 
polarization leads to an electric field—the “‘reaction field’’—at the solute. If the molecule 
is sufficiently symmetrical, the mean reaction field is parallel and proportional to its 
dipole moment. For the Onsager model (6), in which the solute molecule is represented 
by a sphere of radius r containing a point dipole of moment u at its center, and the solvent 
by a continuum of dielectric constant ¢, the reaction field R is 


_ 2(e—1) m _ 2(e—1)(n?—-1) pw 
~ DQe+1 + ee 3(2e+n°) a 


where m = u+aR is the total dipole moment of the solute in the medium, a = 


[14] 





2 
—1 — = 
saa being the polarizability of the sphere, and m the refractive index of the pure 
solute (as a liquid or solid). Thus m? ~ 2.5, and 


[15] = —<——_F 


Protons are normally on the “‘surface’”’ of a molecule and are therefore exposed to 
direct contact with the surrounding molecules, so that the Onsager field [14] is probably 
frequently a poor approximation to the actual reaction field acting on a proton, although 
it might adequately describe the field at a nucleus in the interior of a molecule. (Thus 
the C® screening constants in substituted methanes C® X,, Y4_, should be approximately 
linearly dependent on (e—1)/(2e+2.5).) Local solvent effects due to polar groups near a 
proton are probably important; thus in the non-dipolar molecule 1,4-dinitrobenzene, 
fields arising from the induced charges on the solvent molecules near the highly polar 
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nitro groups probably lead to electric fields at the protons, even though » = 0. The reac- 
tion field gradient R’ for a model similar to Onsager’s is (7) 

6(e—1) 0 
1 © on Saleen ae 
[16] R 3e+2 r° 
where 9 is the molecular quadrupole moment; for a molecule with two opposed dipolar 
groups of moment yu separated by a distance d, © = 2 ud. Figure 1 shows the probable 





Fic. 1. Quadrupolar reaction fields in 1,4-dinitrobenzene and in acetylene. 


form of the reaction field in 1,4-dinitrobenzene and in acetylene. If one of the protons in 
acetylene were replaced by an electronegative group (e.g., F, Cl, CN) a larger solvent 
shift would be expected, for in this case the shifts due to R and to R’ are both to lower 
magnetic field strengths. When both R and R’ are important, [15] and [16] indicate that 
o should be approximately linearly dependent on (e—1)/(e+1). 


DISCUSSION 


Although the well-known inductive and mesomeric effects undoubtedly play an impor- 
tant part in determining charge distributions in substituted aromatic molecules, the 
protons are isolated from the ring by sigma bonds, making it dangerous to try to correlate 
proton signals with pi-electron densities on the associated carbon atoms, or with Hammett 
acidity functions. In fact, it is shown in this section that the general pattern of proton 
screening constants in mono- and poly-substituted benzenes can be largely explained in 
terms of [13] and ‘‘internal’’ and “‘reaction’’ fields. 

Consider a substituted benzene CsH;X, in which there is a ‘“‘bond-dipole’’ 4 as shown. 
If uw is situated at a point distant half-way along the X—C bond, and if the benzene ring 
is a regular hexagon, then the electric fields at the five protons, in the directions of the 
various CH bonds, are (if u is the only significant contributor to the field) 

Eon, = Eon, = 1 Wlec=Blen=2lext Wleclent Sloclext 13lenlex} 
, {4loc+4loutlext tleclout2leclex — 2leulex}?”” 
- + — 4u{42lec+8lén+2lex+42leclor+2leclex+t13lculex} 
[17] Ecu, = Ecu; = (120 4+den then + 12locloa+bloclox + 2lenl oe 
viéloc cH tT lox cc!cu cclcx T 4lcnlcx 
16u 
{Aloct+2loutlox} 
where /,, is the length of the A—B bond. For /g¢ = 1.39 A, lon = 1.07 A, Icx = 2.0 A 


Ecu, = 8.74X10" wu; = Es = 82.8X10“ y’, 
[18] Ecu, = 2.82X10" »; E3 = 5.8810“ yp’, 











Ecu, at 


Ecu, = 1.75X10" yp; Ei = 3.07X10"* p’. 
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Thus for an isolated nitrobenzene molecule, u ~ 4X10-' e.s.u., so that [13] leads to the 
following contributions to ¢ arising from E, and EF? 


on, = On, = —0.70X10°—0.13X10-*, 
—0.1910~°—0.01 107°, 
—0.14«107-°—0.005 x 107°. 


From [19], it is clear that the approximately isotropic E? effect is of secondary importance, 
and is negligible except where the “‘source”’ of the electric field is close to the proton (as, 
for example, in hydrogen bonds (8)). If the electric field effects are the only significant 
contributors to the relative chemical shifts, [19] indicates that in gaseous nitrobenzene, 
for example, the o-protons should have the largest shift to low field (relative to benzene 
itself), followed by the m- and p-hydrogens. Unfortunately, there are no data on gaseous 
substituted benzenes, but in solution in cyclohexane (9) the o-proton in CgsH;NOz is 
shifted by —0.97, the m, —0.30, and the p, —0.42 p.p.m. relative to benzene in the same 
solvent. 

The reaction field R of [15] tends to shift the H3; and Hg, signals to low field (H; being 
influenced less than H4) and H: to high field. These data (9) were obtained in a solvent 
which was a mixture of equal volumes of cyclohexane and nitrobenzene, for which 
« = 16, so that for u/a = 4.0X10°, R = 1.7X10° e.s.u. When E, in [13] is put equal 
to R-cos ¢, where ¢ is the angle between R and a C—H axis, the following solvent shifts 
are obtained: 


[19] on; = ou; 


OH, 


[20] (on2)s = 0.14X10~°, (on;); = —0.20X10°°, (on,); = —0.37X10~°. 


Combining [19] and [20], it is found that the o-, m-, and p-protons should be shifted by 
—0.69, —0.40, and —0.51 p.p.m. relative to benzene, in qualitative agreement with the 
above facts. If this is a valid interpretation of the CsHsNQO: spectrum, polar aliphatic 
solvents (e.g., acetone, acetonitrile) should increase the separation between the m- and 
p-proton signals, and bring the o-peak closer to the p-one (relative to the situation in a 
non-polar solvent like CC). 

If the sign of uw is changed (as, for example, in CsHsNH2) E is reversed and shifts to 
higher field are expected. Also, since the E and E? effects now act in opposite directions, 


the o-signal should be closer to the m- and p-ones. These expectations are in accord 
with the facts (10). ; 


He Hs 


He Hs 


The proton resonance spectrum of di- and tri-substituted benzenes should be inter- 
pretable in terms of the model. Thus in 1,2-dichlorobenzene, the difference between the 
electric fields acting along the CH; and CH, axes is (from [18]) 6.9910” yw, and for a 
C—Cl bond dipole moment of 1.7X10~* e.s.u., [13] leads to a difference in the resonance 
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frequencies of the H; and H, protons of —0.24 p.p.m. The observed value is — 0.25 p.p.m. 
for a solution in CCl, (11). The model predicts that increasing the polarity of the solvent 
will not affect H;, but will shift the H, signal to lower field. Similarly, in 1,2,3-trichloro- 
benzene in CCl, the signal from H, and Hg should be shifted —0.22 p.p.m. relative to 
that from H;, but this difference should decrease as the polarity of the solvent increases. 
The observed shift in CCl, is —0.23 p.p.m. (11). 

The effects of solvents on the chemical shifts of the protons in the 2- and 3-positions in 
some 1,4-disubstituted benzenes have been investigated by Schaefer and Schneider (12). 
They found that in p-methyl nitrobenzene the m-proton screening constant is shifted by 
—0.29 p.p.m. on changing the solvent from n-hexane to acetone. The corresponding 
shift for the o-proton is —0.06 p.p.m. Thus, although the o-proton is closer to the polar 
NOsz group, its solvent shift is smaller. Our model is capable of explaining this, for the 
reaction field R is parallel to the 1-4 axis and therefore leads to a m-proton screening 
coaistant of $¢R (that is, a shift to lower field, for ¢ is negative) and an ortho shift of 
the same magnitude to higher field. (The small observed negative solvent shift (—0.06 
p.p.m.) for the o-proton is partly due to an R? effect (this leads to a relative shift of —0.02 
p.p.m.) but chiefly to the inadequacy of [15] for describing the reaction field in the 
immediate neighborhood of a highly polar group.) The difference between the o- and m- 
proton shifts in changing the solvent from n-hexane to acetone (—0.23X10-*) should 
be approximately given by 


Se 
2e+-2.5/ secetone 2e+2.5/ hexane) & i 


Taking p/a = 3.3X10° e.s.u., this leads to eo = —2.6X10-” (confirming the order of 
magnitude of the estimate in [13]). However, our model cannot explain the large positive 
shift of the m-proton relative to the o-proton on changing the solvent from n-hexane to 
benzene. It is clear that some other type of interaction between p-methyl nitrobenzene 
and benzene must exist; Schaefer and Schneider (12) postulated hydrogen bonding be- 
tween the m-proton and the z-electrons of the neighboring benzene molecule. 

The model should sometimes be helpful in assigning observed peaks to particular 
protons. Thus in vinyl bromide, the direction of the “bond” dipole moment is 
probably approximately along the line joining the bromine nucleus to the mid-point 
of the C=C bond. The reaction field is therefore approximately parallel to the CH; and 


perpendicular to the CH, bonds. Hence, it can be anticipated that the H3 resonance 
signal will be shifted more (to low field) than that of Hy, on increasing the dielectric 
constant of the aliphatic solvent. 

In cis- and trans-1,2-dichloroethene (I and II) “‘local’’ effects are probably approxi- 
mately the same for all protons, whereas only I has an effect due to a dipolar reaction 
field. Thus the protons in I should have a larger low-field shift on changing the solvent 
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from hexane to acetone; since w/a for I is 2.3 X 105, the expected difference is —0.07 p.p.m.; 
the experimental value is —0.08 p.p.m. (13). 


Ch Al H Neti Al 
H% NH cY NH 


I II 


Equation [16] for the quadrupolar reaction field implies that appreciable solvent shifts will 
occur in non-dipolar molecules like 1,4-dinitrobenzene, for which 0 ~ —20X10-* e.s.u. 
The four protons will experience a reaction field R = —(R’r cos 30°)/2 along the C—H 
bonds, and this should lead to a shift of —0.15 p.p.m. on changing the solvent from 
n-hexane to acetone. In NNN’N’-tetramethyl p-phenylene diamine 0 will be positive, so 
the corresponding shift should be positive. For acetylene, 9 ~ 3 X10-* e.s.u. and R = R’r, 
so that the corresponding shift in the proton signals should be —0.19 p.p.m. Thus protons 
near polar groups experience “‘local’”’ solvent electric fields which may be comparable to 
those due to the reaction fields of polar molecules. Fortunately both are approximately 
proportional to (e—1)/(e+1), so that if other solvent influences (such as shape effects 
coupled with diamagnetic anisotropy, as in benzene or diacetylene, or strong van der 
Waals forces, as in CHolIe, or strong specific interactions, as in hydrogen bonded sub- 
stances (14)) are absent o should vary approximately linearly with this solvent parameter. 
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THE REACTIONS OF SODIUM METAPERIODATE WITH SOME NITROGEN 
DERIVATIVES OF CARBOHYDRATES 


M. J. ABERCROMBIE AND J. K. N. JONES 


Methods which might be used in the chemical degradation of carbon-14-labelled 
carbohydrates required an investigation of the reaction of sodium metaperiodate with 
certain nitrogen-containing carbohydrate derivatives. The aim of these experiments was 
to convert specific carbon atoms of the carbohydrates to formic acid, which could then 
be oxidized to carbon dioxide with mercuric acetate. The carbon dioxide was then 
converted to barium carbonate and its activity determined. 

The oxidation of phenylosazones (1) and phenylosotriazoles (2) by sodium meta- 
periodate resulted in the rapid consumption of the theoretical quantity of metaperiodate. 
This was followed, in the case of the phenylosazones, by a slow overoxidation by the 
metaperiodate. Recently the metaperiodate oxidation of some phenylhydrazones has 
been reported by O’Donnel and Percival (3), who found that the consumption of oxidant 
corresponded to the amount required for an acyclic structure. They did not determine 
the quantities of formaldehyde and formic acid produced during the oxidation. 

pD-Mannose phenylhydrazone and pD-xylose 2,4-dinitro-phenylhydrazone have been 
oxidized with sodium metaperiodate in aqueous ethanol; the metaperiodate consumed, 
the formic acid and formaldehyde produced were then measured. 

The experimental and theoretical results, for an acyclic structure are shown in Table I 
(mole/mole). 




















TABLE | 
Theoretical Experimental 
104 HCHO HCOOH 10, HCHO HCOOH 
p-Mannose phenylhydrazone 4.00 1.00 3.00 4.05 1.05 2.96 
D-Xylose 2,4-dinitro-phenylhydrazone 3.00 1.00 2.00 3.02 1.01 2.06 





These phenylhydrazones probably exist in solution as cyclic structures. On oxidation 
they form unstable intermediates which break down further. 

The metaperiodate uptake and the formic acid released were determined using the 
procedure quoted by Hough (1). The formaldehyde was determined by the method of 
Perry and Pietak (4). The experimental results show that both of the compounds are 
oxidized in the open chain form by metaperiodate. 

The metaperiodate oxidation of two other nitrogen derivatives was studied; these 
were 6-O-toluene-p-sulphonyl-(tosyl)-D-glucose phenylosotriazole and 6-O-benzoyl-p- 
glucose phenylosotriazole. The metaperiodate uptake and formaldehyde produced were 
determined as described above. Table II shows the theoretical and experimental results. 

The experimental results show that only the hydroxyl group on position 6 has been 
substituted thus the periodate oxidation releases carbon 4 as formic acid. This carbon 
atom of D-mannose is difficult to isolate by standard procedure. 
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TABLE II 
Theoretical Experimental 
10, HCHO 10, HCHO 
6-O-Tosyl-p-glucose phenylosotriazole 2.00 0.00 2.05 0.07 
6-O-Benzoyl-p-glucose phenylosotriazole 2.00 0.00 1.98 0.00 





EXPERIMENTAL 


The 2,4-dinitro-phenylhydrazone of D-xylose was prepared by the method of Lloyd (5) 
and the mannose phenylhydrazone by the standard method (6). 


6-O-Toluene-p-sulphonyl-b-glucose Phenylosotriazole 

p-Glucose phenylosotriazole was prepared by the method of Hudson (2). To 0.5 g of 
the D-glucose phenylosotriazole dissolved in 15 ml of pyridine was added 0.39 ¢ of 
toluene-p-sulphonyl chloride (1:1.2 mole). The solution was kept overnight at room 
temperature and was then added to 50 ml of crushed ice. The white precipitate thus 
produced was collected and the product washed with dilute acetic acid, water, and 
ethanol. The product was crystallized from ethanol (yield 0.52 g,70%), m.p. 149-150°. 
Calc. for CigH2106N3S: C, 54.50%; H, 5.10%. Found: C, 54.54%; H, 5.17%. 


6-O-Benzoy!-p-glucose Phenylosotriazole 
This was prepared in a manner similar to that of the previous compound. The product 
was recrystallized from ethanol by the addition of water until the solution became turbid. 
When the solution was left standing, long, white, needle-shaped crystals were obtained 
(yield 45%), m.p. 166-167°. Calc. for CigHigOsN3: C, 61.70%; H, 5.15%. Found: C, 
61.95%; H, 5.39%. 
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ELECTRON SPIN RESONANCE ABSORPTION OF BORO-ULTRAMARINE 
YosHIO _MATSUNAGA* 


The color of ultramarine has been known to be associated with the presence of regulated 
amounts of alkali and polysulphide sulphur. Gardner and Fraenkel (1) found that ultra- 


*N.R.C. Postdoctoral Fellow 1957-59. On leave of absence from Department of Chemistry, University of 
Tokyo, Tokyo, Japan. : 
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marines show electron spin resonance absorption with a g-value of 2.029. On the basis of 
the similarity of the g-value of the radicals in ultramarine, in liquid sulphur 2.024 (2), 
and in the blue solution of sulphur in oleum 2.016 and 2.026 (3), they have suggested that 
the paramagnetism of ultramarine arises from some type of sulphur radical. Previously 
we have observed that the color, the intensity, and the g-value of resonance absorption 
of ultramarine change almost reversibly with the replacement of sodium ion by silver 
ion and vice versa (4). This observation can be explained by the assumption that unpaired 
electrons are associated with polysulphide ions and can interact with each other through 
cations. Here we wish to present further results which support this view. 

It has been known that the fusion of borax, boric acid, and sodium sulphite gives a 
stable blue product (5). The presence of alkali and excess of boric acid is required to 
produce blue color. Sulphite can be replaced by sulphur or polysulphides. This system 
seemed to be more easily controllable than ordinary ultramarine, therefore we examined 
the electron spin resonance absorption of this so-called boro-ultramarine. The mixture 
of borax, boric acid, and sodium sulphite was heated to 750° C in an electric furnace. At 
this temperature sodium sulphite decomposes to sulphate and sulphide (6). 

The electron spin resonance absorption spectrum of boro-ultramarine is not simple and 
seems to consist of three peaks, namely a main peak with a g-value of 2.209 and shoulders 
at both sides as shown in Fig. 1. This pattern does not depend on the composition of the 
starting mixture. The g-value of the main absorption is in good agreement with that 





2.06 2.02 1.98 


50G 


Fic. 1. Electron spin resonance absorption of boro-ultramarine at 9 kMc/s and at room temperature. 
Lower curve is derivative as recorded and upper curve is the integrated one. 
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of ordinary blue alkali-ultramarine. Ingram and Symons (7, 8) studied in more detail the 
resonance absorption of the sulphur—oleum system and postulated that the resonance 
absorption with a high g-value is caused by brown polymeric sulphur radicals similar to 
those in liquid sulphur. The difference of color and g-value of these sulphur radicals can 
be attributed to the effect of the medium as seen in the case of substituted ultramarines. 
Therefore, we may conclude that the blue color and the unpaired electrons in ordinary 
and boro-ultramarines arise from polysulphide sulphur in coexistence with alkali ions. The 
shoulder with a g-value of about 2.01 may correspond to the blue radical in the sulphur— 
oleum system. The latter was assigned to monomeric sulphur sesquioxide by Symons 
(8). The formation of the same compound at high temperature in our borax — boric oxide 
system containing sulphate and sulphide seems to be likely. The other shoulder has a 
g-value of about 2.04. The nature of this radical is not clear and such a high g-value has 
not been found in the other radicals containing sulphur. 

We also examined the boro-ultramarine containing selenium instead of sulphur, but 
no electron spin resonance absorption was detected with the red product. 
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Council of Canada, and thanks are due to that body for its generosity. 
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A CHEMICAL SYNTHESIS OF 4-O-METHYL-D-GLUCURONIC ACID 


W. D. S. BOWERING AND T. E. TIMELL 


A chemical synthesis of 4-O-methyl-p-glucuronic acid has so far not been reported (1), 
although the compound has been obtained from numerous polysaccharides and a method 
for its large-scale preparation has been developed (2). This note is concerned with the 
synthesis of 4-O-methyl-p-glucuronic acid from methyl a-D-glucopyranoside. 

Methyl! 4-O-methyl-a-p-glucoside was prepared from methyl a-D-glucopyranoside in a 
yield of 18.5%, essentially according to the method of McGilvray (3, 4). Contrary to all 
expectations, oxidation of the 2,3-di-O-benzyl derivative of this compound with per- 
manganate (5) failed to produce the expected uronic acid, nor was it possible to introduce 
a carboxyl group at C, in the methyl 4-O-methyl-a-p-glucoside by oxidation with air or 
oxygen in the presence of a platinum catalyst (6, 7). Oxidation of the glucoside with 
sodium nitrite in phosphoric acid (8), followed by hydrolysis, yielded a mixture of sugars, 
the acid portion of which was resolved on an anion exchange resin, resulting in the 
isolation of chromatographically pure 4-O-methyl-pD-glucuronic acid in a yield of 1-2%. 
The compound was identified by reduction of its methyl ester — methyl glycoside, followed 
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by hydrolysis, when there was obtained 4-O-methyl-D-glucose, characterized through its 
crystalline phenylosazone derivative (9). 


EXPERIMENTAL 


Preparation of Methyl 4-O-Methyl-a-D-glucoside 

Methyl 2,3-di-O-benzyl-6-O-trityl-a-D-glycopyranoside (3, 4), [a]?! +14° (c, 4.6 in 
chloroform), was converted to methyl 2,3-di-O-benzyl-4-O-methyl-6-O-trityl-a-b-glucoside 
in an almost quantitative yield by one methylation according to Kuhn et al. (10). Anal. 
calc. for C4,H420¢:OCHs3, 9.8%. Found: OCH, 10.4%; [a]* +30° (c, 1.6 in chloroform). 
Detritylation with aqueous acetic acid, followed by reductive debenzylation (3, 11), gave 
sirupy methyl 4-O-methyl-a-p-glucoside, which, after distillation im vacuo, was obtained 
in an over-all yield of 18.5%. Anal. calc. for CsHig0¢.:0CH3, 29.8%. Found: OCHs, 
28.6%; [a], +145° (c, 4.2 in ethanol). Hydrolysis gave 4-O-methyl-p-glucose, [a] +51° 
(c, 3.0 in water). Anal. calc. for C7H1406:0CH;, 16.0%. Found: OCHs, 15.5%. The 


osazone derivative had m.p. and mixed m.p. 159-—160° (corr.). 


Oxidation of Methyl 4-O-Methyl-a-b-glucoside 

Methyl 4-O-methyl-a-p-glucoside (8.7 g) was dissolved in 85% phosphoric acid (200 ml) 
containing sodium nitrite (10 g) (8). After 17 hours at room temperature, water was added 
(25 ml) and the sirup obtained on evaporation was boiled under reflux for 5 hours in 
0.5 N sulphuric acid (100 ml). The sirup obtained after neutralization (barium carbonate) 
contained approximately equal quantities of 4-O-methylglucuronic acid, glucuronic acid, 
4-O-methylglucose, and glucose. The sugar mixture was resolved on a column of Dowex 
1X4 (acetate form) anion exchange resin by elution with water, followed by 2 N acetic 
acid. The fractions containing 4-O-methylglucuronic acid only were concentrated to a 
sirup (0.12 g, 1.3%), [a]? +35° (c, 1.3 in water). Anal. calc. for C7;H1207:O0CHs, 14.9%. 
Found: OCH, 14.6%. 


Characterization of 4-O-Methyl-p-glucuronic Acid 

Chromatographically pure 4-O-methyl-p-glucuronic acid (73 mg) was converted to the 
methyl ester — methyl glycoside which was reduced with lithium aluminum hydride 
(0.5 g) in anhydrous tetrahydrofuran (30 ml). The sirup obtained after hydrolysis (40 mg) 
was chromatographically identical with 4-O-methyl-p-glucose, [a]? +50° (c, 1.2 in water). 
Anal. Cale. for C7Hig0s:OCH3;, 16.0%. Found: OCH;, 15.7%. The phenylosazone 
derivative had m.p. and mixed m.p. 158-159° C and gave an infrared spectrum indistin- 
guishable from that of an authentic specimen. 
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ARSENIDES OF THE TRANSITION METALS 
III. A NOTE ON THE HIGHER ARSENIDES OF IRON, COBALT, AND NICKEL* 


R. D. HEypING AND L. D. CALVERT 


The metal-rich binary compounds formed by arsenic and the transition metals, iron, 
cobalt, and nickel, have been discussed in the first two papers of this series (1, 2). In 
continuation of these studies, the arsenic-rich regions of the binary phase diagrams have 
been investigated, and the compounds observed are described in this note. 

The materials and experimental methods employed were similar to those recorded in 
the earlier papers. The alloys were prepared by direct combination of metal sponge con- 
taining less than 10 p.p.m. total impurities, and metallic arsenic containing less than 
0.01% antimony. The latter was obtained by reduction of reagent grade arsenic trioxide 
with sugar charcoal and subsequent double or triple vacuum sublimation. 

In general, the alloys formed readily at moderate temperatures. Since the decomposition 
pressures of the higher arsenides are appreciable, annealing temperatures were not allowed 
to exceed 900° C, consequently only the nickel alloys were fused. The quantities of arsenic 
which separated on quenching from temperatures above 700° C were prohibitive except 
for the cobalt alloys. Again, because of the high arsenic vapor pressures, no attempts 
were made to study these systems in the high temperature diffraction camera. Room 
temperature diffraction patterns were obtained in 11.46-cm Norelco Debye—Scherrer 
cameras using copper Kz (A = 1.5405 A) and cobalt Ka (A = 1.7889 A) radiation. 

Synthesis of the minerals skutterudite (CoAss), loellingite (FeAs:), rammelsbergite 
and pararammelsbergite (NiAs2) has been reported by Holmes (3, 4). We have confirmed 
the appearance of these compounds in the binary phase systems; we were able to detect 
only one other compound, CoAs». There is no evidence to support the formation of the 
compound CoseAs; discussed in the literature (5), nor of any of the higher arsenides 
previously supposed to exist. 


The Iron/ Arsenic System 

One arsenic-rich compound, Fe(Fe,Asz_,), is formed in this system. The terminal 
composition determined by sublimation of excess arsenic from an alloy/arsenic mixture 
in a small temperature gradient at 400° C corresponded to an As/Fe ratio of 1.93. No 
variation in interplanar spacing with alloy composition was observed, and we conclude 
that the homogeneity range is narrow. The compound is isostructural with loellingite 
(orthorhombic V}*, Pmnn (6, 7)), with unit cell dimensions a = 2.882, bo = 5.200, 
Co = 5.982 A. The dimensions reported for the mineral area = 2.85, b = 5.25, c = 5.92 A. 
The observed density of the terminal alloy was 7.35 g/cc; the crystallographic densities 
for FesAs3.3¢, Fe2(Feo.osAs3.92), and FesosAs, would be 7.28, 7.44, and 7.55 g/cc, respec- 
tively. It appears most probable that the unit cell contains 2(Fe(Fe,As2_,)), x = 0.04, 
and that some iron atoms occupy arsenic lattice positions, which is the arrangement 
proposed for the mineral itself (7). 


The Cobalt/ Arsenic System 
In this system two compounds, CoAsz and CoAs;, are formed. The latter is isostructural 
with skutterudite (cubic T’, Im3, Z = 8 (8)) with a unit cell edge of 8.206+0.002 A; 
D, = 6.71, D, = 6.79 g/cc. This cell edge is somewhat greater than Holmes’ value of 
*ITssued as N.R.C. No. 5496. 
Can. J. Chem. Vol. 38 (1960) 
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8.187 A for synthetic skutterudite (4). The unit cell of the mineral varies from 8.187 A 
to 8.311 A, depending on the extent of substitution of other transition metals for cobalt 
in the lattice. 

The low order diffraction pattern of the compound CoAsg, is recorded in Table I. This 
pattern is unaltered by any heat treatment below 900°C, and is unchanged in the 
presence of CoAs or CoAs;. 














TABLE I 
Low order diffraction pattern of CoAs2 

I/Io dors deate hkl | I/Io dovs deste hkl 
3 3.81 3.81 102 | 80 1.656 { 1.657 320 

6 2.92 2.94 200 1.654 205 
11 2.78 2.75 120 | 13 1.635 1.634 321 
51 2.66 2.66 210 | 13 1.623 1.624 224 
2.65 121 | 21 1.612 1.612 016 

51 2.64 2.64 023 | 13 1.572 1.573 322 
\2.63 113 26 1.559 1.556 040 

100 2.53 2.53 202 | 33B 1.332 1.328 420 
100B 2.41 2.41 122 | 33B 1.326 {1.325 242 
4l 2.31 2.30 104 11.321 044 
13 2.04 2.03 031 9 1.316 io 421 
21 1.959 1.956 130 1.315 226 
33 1.907 1.902 015 | 17 1.313 1.314 413 
51 1.866 1.867 310 17 1.289 {1.291 206 
51 1.848 1.851 124 | 11.289 144 
41 1.821 1.821 132 51 1.267 im 127 
6 1.700 1.694 230 | 1.266 404 

3 1.668 1.668 006 | 21 1.232 1.234 423 





Fe-filtered Co radiation, \ = 1.7889 A; camera diameter, 11.46 cm; cutoff, 20 A; temperature, 24° C. 
Tentative orthorhombic cell: ao = 5.87, bo = 6.22, co = 10.01 A; Dobs = 7.56; Z = 8. 


In view of the similarity of the other compounds in these binary systems to those found 
in mineral systems, one might expect CoAsz and the corresponding mineral, safflorite, to 
be isostructural. Although there is some confusion in the literature with respect to the 
diffraction pattern of safflorite, it is shown quite clearly in Fig. 1 that the pattern of 
CoAs, is unlike any safflorite pattern. Moreover, safflorite invariably contains consider- 
able quantities of iron, and is more accurately represented by the formula (Fe,Co)Aso. 
According to Peacock (7), the safflorite structure is similar to, but not isostructural with, 
the loellingite structure due to non-equivalence of Fe and Co positions. Accepting 
Peacock’s crystal structure as the definition of the mineral, the synthetic counterpart of 
safflorite will be found only in the ternary Fe/Co/As system as Fe,;_,Co,As», in which the 
range of homogeneity may commence at x = 0, but will not extend to x = 1. 

The orthorhombic unit cell proposed for CoAs: in Table I is offered only as a tentative 
solution obtained by the usual trial and error methods applied to powder diffraction 
patterns. Although de Jong’s study (9) of the mineral diarsenides has been largely dis- 
credited, and although there is little apparent similarity in the pattern of CoAss and de 
Jong’s safflorite pattern (Fig. 1), our unit cell dimensions and those proposed by de Jong 
appear to be related by the transformation 001/100/020. 


The Nickel/ Arsenic System 

One higher arsenide, NiAsz, is formed in this system. It is dimorphic; the low tempera- 
ture modification, a-NiAse, is isostructural with pararammelsbergite, while the high 
temperature modification, 8-NiAs», is isostructural with rammelsbergite. 
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Fic. 1. Comparison of the low order diffraction patterns of safflorite and CoAs». (A) Safflorite; X-ray 
Powder Data File, card 2-0986. (B) Safflorite; X-ray Powder Data File, card 2-1317. (C) CoAss; this work. 
(D) Safflorite; de Jong (9). 
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Above 600° C nickel and arsenic in the proper proportions react to form 8-NiAs». 
Unfortunately, the decomposition pressure is very appreciable, and we were unable to 
avoid disproportionation on cooling. However, small single crystals were recovered from 
the surface of several melts, and the patterns were identical with that of rammelsbergite 
(orthorhombic V}*, Pmnn (9, 10)). The unit cell dimensions are a = 3.54, bo = 4.76, 
co = 5.79 A, in good agreement with Peacock’s values of 3.53, 4.78, and 5.78 kX for the 
mineral. Terminal composition and density could not be determined. No variation in 
interplanar spacings with over-all sample composition could be detected. 

Of all the compounds formed in these binary systems, a-NiAs2 was the most difficult 
to obtain, and in fact was never obtained pure. Arsenic and nickel react rapidly to form 
NiAs even at an ambient temperature of 350° C, the heat of formation being sufficient 
to fuse the specimen. The subsequent attack of NiAs by excess arsenic is exceedingly slow 
below 500° C. The pattern of the product obtained by repeated grinding and reheating 
was identical with that of pararammelsbergite (10, 11, 12) in the presence of NiAs and As. 
Similarly, the transformation of 8-NiAs2 to a-NiAs: is exceptionally slow. In 6 weeks at 
450° C the transformation was less than 20% complete judging from the relative in- 
tensities of the two patterns. The transformation of the a form to the 8 form occurs 
rapidly at 600° C. 

Alloys containing As/Ni atomic ratios greater than two, when heated at 700° C and 
annealed at 450° C, exhibited only patterns of a- and 6-NiAsye and arsenic, while alloys 
with As/Ni ratios less than two showed only the patterns of a- and 6-NiAs2 and NiAs. 
Consequently, although the precise constitution of the compound cannot be given, it 
cannot lie far from the simple 1:2 stoichiometric ratio. The orthorhombic unit cell 
dimensions are essentially identical with those proposed by Thompson (13) for pararam- 
melsbergite: do = 5.75, bo = 5.82, co = 11.43 A. 
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Detailed powder diffraction data for Fe(Fe,As2_,), CoAs3, CoAs2, and 8-NiAs2 have 
been submitted to the X-ray Powder Data File. 


We are indebted to Miss Theresa Clarke for assistance in obtaining Debye—Scherrer 
patterns, and to Mr. D. S. Russell for analysis of reactants and alloys. 
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THE PENTITOL PENTANITRATES* 
I. G. Wricut AND L. D. HAywarpb 


In connection with a study of the selective denitration of polynitrate esters (1, 2, 3) 
we have prepared and characterized the crystalline, fully nitrated derivatives of the 
three isomeric pentitols, xylitol (I), ribitol (adonitol) (II), and L-(—)-arabinitol (III). 
’ The only previous references to the pentitol nitrates in the literature dated from the end 
of the last century and described xylitol pentanitrate (4) and the pentanitrate of 
p-(+)-arabinitol (IV) (5) as explosive, non-crystallizable sirups. 


CH.0OH CH.0H CH.0OH CH.0OH 
H—¢_oH H—t_on H—t_on HO—C—H 
HOC H—C—oH HO-C—H H—C—oH 
H—C—OH H—C—OH HO—C—H H—C—OH 

CH.OH CH.OH CH.0OH CH.OH 


I II Ill IV 


In the present work the stable, crystalline form of xylitol (I) was synthesized in 
62% yield by the sodium borohydride reduction of D-xylose and was further identified 
through conversion to the known penta-O-acetyl derivative (6). The other two pentitols 
(II and III) were commercially available in crystalline form.f 

Direct nitration of the pure pentitols in a mixture of fuming nitric acid and acetic 
anhydride at 0° C (7) gave the crystalline pentanitrate esters in excellent yield (Table I). 

*Presented in part at the Symposium on the Chemistry, Technology, and Pharmacology of Nitric Acid Esters, 


132nd meeting, American Chemical Society, New York, September 8-13, 1957. 
tNutritional Biochemicals Corporation, Cleveland 28, Ohio. 


Can. J. Chem, Vol. 38 (1960) 
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The structure and configuration of these high-explosive compounds were established 
through their nitrogen contents (Table I) and infrared spectra and by nearly quantitative 
conversion to the parent alcohols on catalytic hydrogenation (Table II). 


TABLE I 
The pentitol pentanitrates 











Pentanitrate Yield (%) m.p. (°C) Nitrogen content (%)2 
Ribitol 90.2 33 .5-34.0 18. 2° 
Xylitol 95.6 37-40 17.8¢ 
L-(—)-Arabinitol 97.5 26 .5-27.5 18.0°¢ 





Theoretical value = 18.6%. 

’Modified semimicro Kjeldahl method (10). 

©Ultramicro procedure based on the Kjeldahl method and involving Nesslerization of the 
distilled ammonia (11, 12). 











TABLE II 
Hydrogenation products of the pentitol pentanitrates 
Pentanitrate Ribitol Xylitol L-(—)-Arabinitol 

% Yield 97.5 95.5 97.5 
M.p., ° 99-101 92-942 101-103 
Mixed m.p., °C 99-102 92.0-94.5 101-103 
Reported m.p., °C 102 93 .0-94.5 102 
Reference (9) (8) : (9) 





“Stable modification. 


The infrared spectra of the pentanitrates of ribitol and xylitol in nujol mull and the 
spectrum of L-arabinitol pentanitrate as a liquid film showed closely similar peaks near 
1650, 1265, and 750 cm~. The very strong. peaks at 1650 and 1265 cm— were character- 
istic of covalent nitrate groups (14) and this was probably also true of the medium-to- 
weak peak near 750 cm~ which has also been observed in a series of other nitrate esters 
in this laboratory (15). No peaks occurred in the frequency ranges for hydroxyl and car- 
bony] stretching in saturated acyclic compounds. A strong peak at 2910 cm in the 
spectrum of L-arabinitol pentanitrate was attributed to the methylene group and was 
not observed in the other spectra since they were compensated with nujol. 

The three pentitol pentanitrates reacted with dry pyridine at 20—-24° C in much the 
same manner as D-mannitol hexanitrate (1, 2). The xylitol derivative evolved more gas 
and the pyridine solution became darker in color than with the arabinitol and ribitol 
compounds. Partially nitrated sirups were recovered in good yield from the pyridine 
solutions on dilution with water. The nitrogen contents, solubility, and infrared spectra 
of these products indicated that they were probably partially nitrated anhydropentitols. 
Further study of their constitution is in progress. 


EXPERIMENTAL 
Xylitol 
A solution of D-xylose (66.0 g, m.p. 145-6° C, [a]??-> +18.9+0.2°) in 400 ml of water 
was cooled in an ice bath, and a solution of 16.5 g of sodium borohydride in 100 ml of 
water was added dropwise. The temperature of the mixture rose to 45° C during the 
addition, the rate of evolution of hydrogen slowly decreased, and the solution became 
alkaline (pH 9). After the mixture had been standing for 1.5 hours at room temperature 
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reduction was complete as shown by Fehling’s test. Excess borohydride was destroyed 
with 6 N acetic acid and the solution was deionized and concentrated to a sirup under 
reduced pressure. The sirupy xylitol was freed of boric acid by repeated evaporations 
with methanol and crystallized after seeding with a sample obtained through the courtesy 
of Dr. M. L. Wolfrom, Ohio State University. After recrystallization from ethanol the 
xylitol (41.3 g, 61.5%) melted correctly at 93.0-94.5° C (8). 

Acetylation of 3.8 g of the xylitol with acetic anhydride and sodium acetate yielded 
3.7 g of pure xylitol pentaacetate melting at 62.0—63.5° C after recrystallization from 
methanol (6). 


Nitration of the Pentitols 

A suspension of the pentitol (1.0 g) in acetic anhydride (4 ml) was cooled in an ice- 
salt bath and a cooled solution of fuming nitric acid (5 ml) in acetic anhydride (5 ml) 
was added slowly with stirring. After 1 hour the reaction mixture was allowed to warm 
to room temperature during 30 minutes by which time all of the pentitol had dissolved. 
The mixture was then poured into ice water and the colorless, semisolid product was 
‘separated and dried in vacuo at 0° C for several days. The pentitol pentanitrate was 
recrystallized from five parts of dry toluene at about —40° C and was recovered on a 
glass funnel jacketed with melting chlorobenzene (m.p. —45°C) and fitted with a 
drying tube. Yields and melting points of the pentitol pentanitrates are shown in Table I 
together with the nitrogen analyses. The nitrates detonated under the hammer and were 
not decomposed after they were stored in a desiccator at 0—5° C for 3 years. 


Hydrogenation of the Pentitol Pentanitrates 

The pentitol pentanitrate (0.5 g) was dissolved in 95% ethanol (100 ml) and hydro- 
genated over palladium-on-charcoal catalyst (0.5-1.0 g) as previously described (1, 13). 
The yields, melting points, and mixed melting points of the recovered pentitols are 
shown in Table II. 


The Action of Pyridine on the Pentitol Pentanitrates 

The pentitol pentanitrate (100 mg) dissolved readily at 20°C in pyridine (6.2 ml) 
freshly distilled from barium oxide (b.p. 114.5-116.0° C). Within 2 minutes the initially 
colorless solution became yellow and evolved a colorless gas while the temperature in- 
creased to 24° C. After 6 hours at 20° C the solution was warmed to 50° C for 30 minutes 
which caused no apparent change in color or rate of gas evolution. The reaction mixture 
was then diluted with water (8 ml) and extracted with ether. Evaporation of the washed 
and dried ether extract yielded 50 to 65 mg of a colorless, viscous sirup. 

The nitrogen contents of the thoroughly dried products from ribitol, xylitol, and arabi- 
nitol pentanitrates were 15.0, 14.5, and 12.5% respectively. These products were in- 
soluble in water, n-hexane, and carbon tetrachloride and readily soluble in ethyl acetate, 
ether, and acetone. The infrared spectra (potassium bromide windows) showed the 
presence of covalent nitrate groups (1635-1650 cm~! and 1273-1287 cm-! and 747-750 
cm=') and no carbonyl groups. An hydroxy] stretching frequency (3420 cm=') appeared 
only in the spectrum of the product from L-arabinitol pentanitrate. 


We thank Mr. I. G. Csizmadia for nitrogen analyses and the Defence Research Board 
of Canada for funds in support of this research. 
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A TEST OF TRANSITION STATE THEORY 
G. O. PriTcHARD,* H. O. PritcHARD,t G. H. MILLER,* AND J. R. Daceyt 


The transition state theory of the radical combination reactions CX; + CX; — C2X¢ 
has not yet been satisfactorily formulated because the concept of the transition state 
itself in the reactions is so indeterminate. Nor is the situation made any easier by the 
lack of good data on the frequency factors of such combination reactions and of the 
reverse decompositions. It has, however, been assumed that whatever the transition 
state may be, there must be free rotation of the CX; groups about the incipient C—C 
bond (1). A further difficulty arises in the calculation of frequency factors because the 
major contribution to the entropy of activation is dependent on the unknown pressure 
of the free radicals, since there is a change in the number of species in these reactions 
(2). Recently, Pritchard and Dacey (3) have obtained a ratio of frequency factors for 
CX; radical combination reactions which can be used as a test of transition state theory 
because the uncertainties in the formulation of the respective transition states. cancel 
out. 

Pritchard and Dacey studied the competition of the three reactions 


k 
CH; + 5 C:He 


k 
CBs + CP scan SEs 


CF; + CF; a. C.F ¢ 
by photolyzing mixtures of CH;COCH; and CF;COCF3;, and found that the ratio 
ki2/(Rirk22)*? = 0.520.06 exp[(1070+100)/RT] at pressures where three body re- 
strictions were absent. 
Considering the scheme 


. AS* a AS’ 
2 radicals _____» transition state < __—_- ethane, 
*Chemistry Department, University of California at Santa Barbara, Goleta, California. 


{Department of Chemistry, University of Manchester, Manchester 13, England. 
tChemistry Department, Royal Military College of Canada, Kingston, Ontario. 


Can. J. Chem. Vol. 38 (1960) 
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where AS* and AS’ are the entropies of activation in the senses indicated, we may express 
the observed frequency factor ratio of A*1:/(A*1, A*22)t = 0.52+0.06 in the form 


AS* 12 —3(AS* 11; +AS* 22) a 1.30+0.2 2.1. 


Rewriting this in terms of the absolute entropies S*1;, S*22, and S*1. of the activated 
complexes, we have 


S* 19 — 3 (S* 11: +S* 20) = — 1.30+0.2 e.u., 


the absolute entropies of the free radicals having cancelled out. 
This entropy difference expression can also be written in terms of the absolute entro- 
pies, Si1, S22, and Siz, of the three ethanes, i.e., 


S¥10— 3(S* 11 +S*22) = [Sio— 3 (S11 +S22)] +[AS’12— 3 (AS’11 +AS22)] 


making, of course, the tacit assumption that the transition states for the forward and 
reverse reactions are identical. 

At 298.15° K and 1 atmosphere, the absolute entropy of ethane is Sy, = 54.85 e.u. 
(4), that of trifluoroethane is S;. = 66.87 e.u. (5), and that of hexafluoroethane can be 
calculated from the data of Pace and Aston (6) to be Sx: = 81.85 e.u. Thus the first 
bracket becomes — 1.48 e.u. In the evaluation of the second bracket we are not critically 
dependent on an exact formulation of the transition state. We infer that the restricted 
rotation which exists in each molecule must be freed (1), and that there will be some 
change in the nature of the vibrations in each ethane, principally associated with the 
stretching of the C—C bond. The changes in vibrational entropy in the three cases 
must be so similar as to cancel out when substituted in the second bracket, so that the 
only significant terms will be changes in entropy associated with the freeing of the 
restricted rotations. These changes were calculated using the tables of Pitzer (7) and 
the following experimental data (4, 5, and 6). 











CoH. CH;CF; C.F ¢ 
Barrier height 2850 3450 4350 cal/mole 
Reduced moment of inertia 2.65 X10-° 5.1210-” 76.7X10-° g cm? 





They are (S;—S,r)11 = 1.22 e.u., (Sp—Srr)12 = 1.50 e.u., and (S;—S,1)22 = 1.92 e.u. and 
the second bracket becomes —0.07 e.u. We therefore have to compare the experimental 
data for [S*j2—4(S*1:+.S*22)| of —1.30+0.2 e.u. with the calculated value of —1.55 e.u. 
(with a possible error at least as large as the experimental one). 

The agreement between the two figures is well within the limits of error and provides ~ 
an excellent over-all test of transition state theory as applied to these combination 
reactions. Because of the smallness of the rotational term we are unable to discriminate 
between a transition state with or without free rotation, and can say little more about 
the frequency factors for the ethane decompositions, other than to note that A’). will 
be approximately the geometric mean of A’y; and Ao’. 


Two of us, G.O.P. and G.H.M., acknowledge a grant from the National Science 
Foundation. 
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